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FOREWORD

The Instituteof EnvironmentalSciencestwelfth SpaceSimulationConference
"'ShuttlePlusOne - A NewView of Space"providedparticipantsa forumto acquire
andexchangeinformationon thestate-of-the-artin spacesimulationtesttechnology.
thermalsimulationandprotection,contaminqtlon,anddynamicstestingandassess-
ment. Thesetechnologieshaveplayedin importantrole in thesuccessfuldevelop-
mentof theSpaceTransportationSystem.Thisyear'sptx_ram,heldin Pasadena,
California.offers! a widespectrumof usefuldatain thesedisciplines.

TheGoddardSpaceFlightCenterof theNationalAeronauticsandSpaceAdminis-
trationwelcomesthisopportunityto act in concertwiththeJet PropulsionLabora-
tory, theAmericanInstituteof Aeronauticsand,Astronautics,the AmericanSociety
for TestingandMaterials,and thehost society,the Instituteof Environmental
Sciences,in publishingtheseNASA ConferenceProceedingsfor international
distribution.

NormanL. Martin,Chief
EngineeringScrvicesDivision
Goddard Space Flight Center

00000001-TSA03



C(DINa PA6(ILANKNOTFLMI)

PREFACE

The Twelfth Space Simulation Conference. held at the PasadenaHilton Hotel. Pasadena.CA. and
hosted by the Jet Propul_on Laborato_, May 17 to 19, 1982, was sponsored jointly by the
institute of IEnvironmentalSciences(IES) andsupported by the American Institute of Aeronautics
and Astronautics.(AIAA) and tile American Society for Testing and Materials(A_TM). The con-
ference is further supported by the National Aeronauticsand SpaceAdministration (NASA) by
their publication of these proceedings.

The Twelnh Space Simulation Conferen_,_epresenteda wide variety of papersdealing with the cur-
rent state of spacesimulation. A Paneldiscuision of Shuttle resultswashem and shouldform the
basis for future simulation studiesand testing, it ishoped that the paperspresentedat this confer-
ence and the resulting discussions will indeed carry out the conference theme of forming - a new
view of space. : •t

The conference committee is pleased that the Jet Propulsion Laboratory offered to host this confer-
enc-e. JPL has supported this conference over the years with papers, personnel, attendees and
speakers and we thank the Laboratory again for hosting the conference and providing a fine tour of
Laboratory f_cilities.

This document is a product of the ef_)rts of many individuals. It represents the work of the authors,
the various conference committees, the staffof IEC and others, i would like to take this opportu-
nity to publicly thank a few of those whose efforts have made this conference possible. Thanks IgO
to John W. Harrell, Technical Program Chairman, JPL: R. L. Daniel, Arrangements Chairman, JPL:
R. T. (Tom) Ilollingsworth, Publications Chairman, NASA Goddard Space Flight Center, l_)rtheir
invaluable contribution. In addition, we all, "_hto thank Betty L. Peterson, Executive Director,
IES: and Janet A. Ehmann. Assistant to the Director, IES, for handling all the details which permit
a smooth runnintz conference. Finally. our thanks to John D. Campbell. IES Meeting Manager, for
being the continuing driving force behind this conference.

it is my hope that this conference has been an enjoyable, informative and valuable experience for all
wlto attended both in the tec_,nical sessions and in the informal discussions between colleagues
working in the field, i

'.]

,.- Sincerely, 1
J

.-..c'" / "I'
•_ (._._,,,,..,, J.,.t.,-.q,• .**.o

• .-]

i
•, (;co_e F. Wright, Jr. .: ._

(;eneral Chairman

_..

: !
I

i.... ]

• V
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_" PRECISE THERMAL CONTROL DEMONSTRATIONON

...._i"=" R.BettinlandR.Wegrich

Perkin-ElmerCorporationDanbvry, Connecticut 06810

Numerousspace applications requireprecisethermal control on func-
-- tional hardwareto maintain criticaldimensions and minimize changes

in these dimensions in operational environmenta. An example of this
kindofstructureistheSpa_ Telescope'smainringassembly,which
holdstheprimarymirror,thesecondarymirrortrussassembly,and
theinstrumentsupportstructure.A simulatedportionofthemain
ring was fabricatedand tested to determine whether thermal stability
could be maintained in a complex structuralassembly. The test con-
f'a_nedthe effectiveness of the highly insulated, non-criticalreference
surface approach.

,,t%
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SPACECRAFTTtlERI"IALBALANCE

TESIING U_;INGINFRAREDSOURCES

i G.B.T. Tan
i \

i_."

i: J.B. Walker

'(l'"" European Space Research and Technology Centre
. ESTECNoordwtJk, Holland.

,)i
ABSTRACT

A thermal balance test (controlled flux intensity) on a simple black

!/ dummyspacecraft using IR lamps has _en performed _qd evaluated, thelatter being aimed specifically at Thermal Mathematical Model (THH)
verification. For reference purposes the model has also been subjected to ..

)_)- a solar simulation test (SST). The results show that the temperature .distributions measured during IR testtng for two different model _'i
i! attitudes under steady state conditions are reproducible wtth a T1_1.

The THHtest data correlation ts not as accurate for IRT as for SST.
Using the standard deviation of the temperature difference distribution
-that ts analysts minus test- the $ST data correlation ts better by a

factor of 1.8 - 2.5. The lower figure applies to the measured and the" higher to the computer-generated IR flux intensity distribution.

L(_i- Techniques of lamp power control are pre.cented. A contlnulng work• programmeis described which Is almed at quantlfylng the differences
between solar simulation and infrared ,techniques for a model representing

!! the thermal radiating surfaces of a large communications spacecraft.

• INTRODUCTION

',- BACKGROUND "i

,. The solar simulator used in classical spacecraft thermal balance tests ts
a complex and expensive item (Ref. 1). Whenconsidering the thermal
balance testt,_g of large Artane or STS-launched spacecraft available j

i solar simulation facilities are inadequate. There are facilities in

, Europe, large enough in all respects except the stze of solar simulator
: beam, (Fig. 1). It ts apparent that means of reproducing the effect of

'i" the energy input from the sun to the spacecraft on test other than the
_-l_ _ conventional solar simulator merit consideration, both from the point of

:.:- , view of containing capital expenditure and as a means of circumventing
:'_.- i_ the logfsttc and scheduling problems associated wtth solar-sfmulation-
_ testtng a European -.pacecraft outstde Europe. The provision of heat ]
• ., sources local to the spacecraft inside the vacuumchamber offers an

:! _ economic and potentially acceptable technical solutton to the problem.o, Tungsten ftlament quartz lamps have long been used in thermal test work•- d?l;,

i o\':

.._ • ._, ,, -.......... _, _' - _ -.. - -_v .;- _._-_ ................ _'_'- ..... -........... _r)r_,.--"__ _--'_-"-_¢ _ ..................... : -_ _ : " 7- _"-_. _ _ _:n,l_imW_
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i:" Their use on the Apollo Telescope @Counttests in 1971 is extensively
)• described in Ref. 2. One commercially available type* fitted with a

li vacuum-environment-compatible reflector was chose_ for th_ work of the

present paper. An arrangement of such lamps provides an _verlapping
- mosaic of beams at a spacecraft surface.

: Combining this with accurate control of electrical power dissipated at
! each lamp was expected to produce a flexible and well described intensity
_'L distribution.Horeover, this energy could be presented in a reasonably

solar-like spectrum, resulting in absorbed fluxes which are well defined
and close to orbit conditions. Th;s would allow the imposition of
important spacecraft gradients in order to demonstrate adequately the

/ thermal subsystem performance. The type of lamp chosen has performance
characteristics such that in providing one solar constan* _L s,rt" ,,_,
approximately g lamps per sq. metre are required. Constderat_,ns ie
arriving at this figure are;

o Lamp to specimendistancegiving low blockageto _m 'cll ,,_.
sink.

o Intensitydispersionat the specimensurfP:
o Nominaloperatingpower levelenabling at, r_(e Im.p control at a
preferredwavelengthof the emittedenergy.

SOURCEWORK "::

The use of [R lamps has been fatrly extensively reported, for example in
Refs. 2 to 6. Very little informationabout the characteristicsof
particularlamp types is available.Some warnings about gravityvector
ef,ccts on the tungstenfilamenthave been issuedfor longer lampsof the
same generaltype as the 5 inch chosen for the work. Knowledgeof the
lamp/reflectorcharacteristicflux intensitydistributionis fundamental
to the successof the test method.A small test programmewas therefore
carriedout with the objectof e_t_lishing:

- The characteristicoutputcurve
- Power variationeffects
- Gravityvector variationeffects
- Scatterdue to lamp/reflectormanufacturingand set up variations

Varying lamp power in the plannedworking range of 20% to 85% resulted in
negligibledifferencesin intensitydistribution.Gravity-vector,
manufacturingand set-upvariationsaccountedfor characteristic
distributionchangesas high as ± 14%. Other resultsof the test work are
presentedin Fig. 2. Armed with the characteristicdistributionof the

:; lamp, it should be possible, by developing COmputer software, to
" determine the intensity distribution on a complex spacecraft geometry

L from arraysof lampsquicklyand economically.Optimumlamp arrangements
" with known intensitydistributionscould then be produced with minimal

.... changes in the actualphysicaltest set-up.

,_, * RI Controls Type 5236-5, 500W at 120V.
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.... This approach would minimise expensive spacecraft test set-up time.
HODELTESTS

socalled "Ideal Hodel" (IM), used tn an
A stmple dummyspacecraft, the

) earIter development progran_ was refurbished and made available for a
sertes uf tests aimed at assessing the method. It was Installed tn the
ESTECsolar simulation factllty and tested ustng ftrst the Xenon arc
solar simulator and then Infra-red lamps. Thts was done for two solar
aspect angles, namedAttttude I and Attttude IV. These t_o were selected
from a total of stx angles studied and which were considered suitable
both analytically and from the potnt of vtew of complexity of IR lamp
set -up.

HODELDESCRIPTION

The IH ts shown fn Fig. 3. The core of the test item is a cube of edge
0.40 m. On top of thts cube ts a pyramid 0.28 m htgh, wtth the upper cube
surface as a base plate. There ts a circular hole cut tn the lower cube
surface, through which the thernH)couple wires are guided. The four
remaining cube surfaces serve as base plates for four prisms, two of
triangular cross-section and two of trapezoidal cross-section. The prisms
wtth similar cross-sections are adjacent to each other. The hetght of the .-j
triangles and trapeziums ts 0.20 m. The plates are madeof 0.3 mmthick 1
copper and conducttvely de-coupled using small nylon washers.

All Ifl face plates are coated at both sides with Glassofix black paint.
The solar absorptivity and hemispherical em|sstvity are, respectively,
_s= 0.976 and ch= 0.85
The IR absorptivity could not be measured for the approprtat.e wavelength
(> 2.Spin). Based on available data for slmtlar total absorOers tn.. the

 �0� �0,3-10 Mm, it seems an acceptable first approximation to set str
equal to _s. For the IR lamps at half rated voltage, whtch is the minimum
voltage applied during test, 98.51; of the total energy falls below 10 pro. ]

J

The thermocouple wire test cable was thermally protected wtth a numberof J
layers of 3 mtl alumtntsed Hylar. The optical properties were _s= _J.17,
¢h=0.57 for the flylar stde and as= 0.16, ch= 0.05 for the alumtntsed stde

" TESTARRANGEHENT ,.

Hodel and lamp support
p ,,

The IH for both types of test was suspended on stainless steel cables :
" wtth a Teflon Insulation spacer between the end cable attachment and the

IN bracket support ring. Ftne adjustment was provided to allow the model
. to be levelled at the desired height. An arrangement of 10 mmdiameter_

_/o,_P- black patnted, statnl_ss-steel tubtn9 and clamptng brackets provided a
...._:" SUpporting structure for the IR lamps. The brackets were designed to _ 1

_:_,t facilitate adj,stment and rearrangement of the lamps. The ftnal i__ connection between letup reflector and tubular structure was tn the form

9 _
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of a clamp enabling 4S" of _Qular adjustment. All the components tn the
system were designed with a view to their re-use in |R lamp arrays. The
tubular structure also provided support for the liquid-nitrogen-cooled
shrouds ('baffles') which were positioned local to the Ifl and used to
shteld surfaces not to be expos,ed, to the |R lamps. The |R test
arrangements are shown t_t Figs. 4 and S.

Baffles
mm

Baffles, actively cooled by liquid nitrogen, were used to shield model
surfaces Which would not be solar exposed tn an orbit case, from iR lamp
radiation. Fig. 3 depicts a typical case, the Attitude l situation of the j
lH tests. |n certain cases this problem can be overcome by accepting the
"inadvertent" heat input, measuring it, and introducing this into the
1MH. Both the baffle and the measurement approach were used during the |M
test s.

Attitude ! - The pyramid irradiating lamps were baffled such that
sptllover could not irradiate the IN top surfaces. Surfaces 2S arid 26
were irradiated and surfaces 9, 13, 23, and 18, Fig. 6, were baffled.

The lamps irradiating the trapezoidal faces were baffled such that
spill-over could not radiate to the triangular prism faces.
Surfaces 1S and 22 were irradiated and surfaces 7 and 12 were baffled. "t

-!
Attitude IV - The lamps irradiating the pyramid were baffled such that I

spill-over could not irradiate the model's top surface. Surfaces 27 and i
2_ were irradiated and surfaces 9, 13, 1(_ and 23 were baffled.
Spill-over from lamps intended to irradiate surfaces 16 and ;)1 was
measured at surfaces 7 and 12 and tntrodu;ed into the TMIq. In this case !
the flux level was low, averaging 150 kin-z normal to the surface. This i
approach was adopted in order to assess the technique as an alternative
to the more complex LN;)-cooled baffle method, i

Power ControI i

Accurate control of the power source was achieved by using a power supply (
specially matched to the lamp sources. The significant features of the

equ il_nt are: _ j
m

o lli control accuracy over the power dissipated at the source. 1

o Computer monitoring and command capability, i

o Low noise and smooth control.
-i

_ Each power supply channel is capable of |000 W output at 120 V DC. The

_.. voltageOlOVe116 was chosen to allow lamp operation |n the pressure range ]760 - - tort and beyond without coronae problems. The power level i
; allowed two lamps to be used in parallel per channel when testtnq very

large regular surfaces, such as is necessary when thermal-cycling solar
t

i': i i

.... ._I _ . _._ ..................
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eel 1 arrays.
A smoothedIX: supply was chosen to achteve mtntmumelect_tc
interference, allowtng working spacecraft prototypes and fltght models to
be tested. In the present work the power suppltes were used tn
conjunction wtth single lamps to gtve the best control over the mosaic
flux pattern.

TEST PHASES

Stmtlar procedures were used for all tests and followed _normal
thermal-balance-tests routine, namely;

- Pumpdown of fact 1tty
- Cool shrouds to LN2 temperature whtlst maintaining a spacecraft

temperature of about 20"C during thts transient phase.
- Achievement of steady state conditions wtth fect1Ity at 10.5 tort,

shroud at IO0"K and desired solar (or IR) input to the spacecraft.
-Ecltpse phase when tnput to spacecraft ts turned off for a period of 1

hour.
- Return to solar (or IR) input case, steady state.
- Return factltty to ambient conditions, endtng the test phase.

TEST EVALUATION ":

When assessing the test evaluation tt should be realtsed that the thermal
behaviour of the ]M deviates considerably from that of an actual
spacecraft (S/C). The IH ts not Insulated, the face plates are coupled by
radiation only, and no tnternal heat ts generated; consequently there ts
an extreme temperature difference between the front and back sides
(,_T-leO'C).

*- Furthermore, the temperature of the [M ts exceptionally sensitive to the
opttcal properties of the black coating. Smal] variations tn a/¢ have a
significant effect on the temperature of heat exposed surfaces. Ftnal ly,
the hardware used does not conform wtth the htgh qual|t_ standards of S/C
thermal hardware. These factors Influenced the test data correlation
perhaps more than desirable, but since they were applicable to both types
of tests, it was posstble to compare the results.A first effort to
co,_,late test temperatures with a simple TI_ of one node per surface (30
nodes), was abandonedbecause the gradients were too large tn most of the
surfaces, and no acceptable correlation could be achieved. A
comprehensive _ was then produced and a satisfactory correlation
achieved for the SST test phases tn spite of the def_,ctenctes tn the
thermal behaviour of the test specimen referred to above. Introducing the
IRl environment, leavtng the basic model pareametee-sunto,,ched, gave a
poorer correlat!on. Thts ts attributed to the unknowns in the applted

=_:T3L flux and opttcal properties." The test evaluation has been performed for the two SST IM attitudes I and
_. IV, the corresponding IRT phases and two IRT phases wtth reduced levels
,_ totalling four test phases per attitude. In addition, the evaluation
! tnvolved two waj_ of generating the flux used tn the TI41; by actual
{ me_.surementand by computer.

_i

i!: T

...............
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THERHALHATHEI_TICALHODEL

Noda! distribution and thermecouple (TC] outputs

136 TCs are Installed on the IH, of _htch 128 are correlated to nodes.
Ftg. 6 shows the complete layout of the IM nodal distribution. The
rectangular surfaces and th*. trapezia are divided into 3 x 3 nodes. The
triangles of the pyramtd are dtvtded into 2 nodes and of the prisms Into
3 nodes. The spltt bottom plate of the tnternal cube Is divided into 2 x
3 nodes. The total n,Jmberof nodes is 202. The Tlqqnode numbers are
obtained by concatenation of surface number and surface-airmen1, number.
For the sake of simplicity the temperatures of the underlined nodes are
dtrectly compared to the corresponding TC output. It has been accepted
that thts induces an error tn the correlation; thts ts quanttfte_ later.
The centre node of each face plate ts provided with two TCs at the J
periphery. In these cases the TC outputs have been averaged to derive the
comparable nodal test temperatures (nodes 75, 8S, 115, 125, 155, 16S,
175, 205, 215, 225). The hole in plate 6, between nodes 65 and 62, is for
the test cable. The test cable (not shown _n the diagram) has been
approximated by a rectangular cyltnder 1 m high and 0.08 s tn diameter.
For SST the co|d boundary ('space") ts set t.o -1go'r. corresponding to the
measured average test-chamber shroud temperature. For [RT the boundary 1
temperature ts set to -160"C, a temperature composedof the tonsured
average baffle temperature and a 1011estimated shroud-blockage effect due _
to lamps and "hot" ]amp mounting structures. "_

_

Fluxes i

iSST - An Important aspect of the exercise is evaluation of the themal
t_T_xes on the different surfaces. An arbitrary solar constant ts
defined. To achtexe comparable temperature leve]s for SST and XRT, a flux
level of 1500 kb-_ in the test plane has been used for SST, thts to allow
for the effects of the _-_stne power distribution end the f|ux decrease
wtth the second power of the distance to the source*. For the two test
phases defined, the absorbed power for different surfaces has been
calculated taking shadowing into account, Oue to the high absorption,
multtple reflections are neglected (=s" 0.976).

IRT - The IRT flux distribution was not chosen to duplicate the $$T flux
_'strtbutton, particularly since thts ts a divergent beam, but to create
a flux distribution corresponding to a collimated beamwith a flux
intensity of one solar constant. To obtain more information on the XH
response, two additional test phjses were carrJLed out for each attitude
wtth reduced Intensity (1308 Wm-[ and 1200 IM'z) This ts a useful feature
of the method, eas_ to Implement by rattotng dovm the voltage.

-- The direct ]R fluxes nre obtained tn two ways:

(_ The absolute flux levels uare masured wtth fixed bl_k-plate sensors
_- and the relative flux distribution was measured tn air before the test i
_ with a hand-held device. It ts assumedthat the relative flux t

distribution does not change in the vacuumchamber.

*TyptcaI characteristics for [STEC HSFo3solar simulator

, 12
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o The IR lamp characteristics, measured during the stngle 1rap evaluation
: tests, were stored tn the computer. A newly developed computer
_ programmewas used to calculate the flux distribution, using lamp

_ voltage, location and mdel geometry.
"/

_;_ ANALYSISRESULTS

_'_ To assess the mertts of IRT comparedwtth TI_ correlation, SST data

_i correlation has been used as a reference. After achieving satisfactorySST-TIqMcorrelations for both attitudes, the IRT environment has been
_ Introduced tnto the TI_. In practice, this means that the flux Intensity
!_. distribution end the cold boundary temperature are altored for each case,
_ all other parameters such as tnternal tntorchange factors, 11near
_, conductors, end emissivity, betng kept constant. Thts analysts only
_ assesses steady-state test phases, transient analysts remaining a subject

for future studtes.

Figs. 7 end 8 characterise the temperature distributions across the IM
for the two test attitudes durtng SST and IRT. Each ftgure deptcts the '

| , .

_ measured and calculated temperatures tdenttf|ed by "m" or Xc" of one or
_; more sertes of nodes. The hatched areas tndtcate the "sun"-exposed nodes. '

: ..... Ftg. 7 gives the temperature distribution across the e,_ternal surface tn Ia plane perpendicular to the IM math axts end through the centre of each t

plane. The temperature extremes occur tn thts plane. !

Ftg. 8 gtves the temperature distribution of the cube and pjn'emtd. In
_- vtew of the thermocouple locations, the nodes of the cube are chosen

diagonally on each surface to present as many data potnts as possible.

: Ftg. g gtves the temperature distributions of the top and bottom plates i
of the acl_lacentprtsms.

_ To highlight the deviations between test and analysts more clearly, the _
_ temperature difference distribution (TDI)) ts presented on a larger scale

for the same sertes of nodes tn ftgs. 10 - 12, the temperature difference
AT betng deftned as: T(enalysts) - T(test). It ts assumedthat the TOOts
Gausstan. The overall quallty of _ test correlation can be quantified i
from the standard deviation end the btas (mean value), i

These parameters end the postttve end negattve extreme temperature i
= . deviations are summarised tn table I for all test phases. The I

corresponding histograms are gtven tn ftg. 13.
a

DISCUSSIONOF RESULTS i

! Solar stmulat|on test J

_/:- _; $1n(:e the S$T evaluation was the reference for [RT, the matn error i

Y J

I

I
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sources are Identified together with the corresponding estimated delta
temperature of the IN surfaces most affected. Errors not related to solar
beamsources are also applicable for the IRT evaluation.

_r_o" The temperature gradient between the front andthe TI_ than during the test. The deviations are
: of the sine magnitude for both attitudes; AT ts negative for the exposed
_ surface and positive for the surfaces facing the chamber wall. Thts ts
t attributed to the assumption that the faceplates are conducttvely

i_ decoupled together wtth the _,eglected backscetter.from the chamber
walls. The backscatter ts tn the order of 7.5 lln-_ tn the test plane.

,: Considering the temperature level of the cold side (Tsst t " -GO'C,
ro Tsst tv " -80"C), this causes a temperature Increase of 5"C. In addition,

to this the emissivity of the black coating tends to decrease wtth
temperature, causing an Increasing _/tratto, thereby Increasing i
sensitivity to backscatter.

" The temperature deviation at the
n the achievable accuracy. The accuracy

for the calculated direct flux on each surface ts t 5_, being i
estimated as _ 5S. As the flux applted during test ts knownwtthtn 31i,
the resulting tolerance for AT ts t 7"C for the hot stde and t 4"C for !
the cold stde. The sensitivity at the exposed stde ts about titce that at
the cold nonexposedside. The tolerance band for Internal surfaces (cube)
11es tn between these figures. An additional uncertainty, the
corresponding temperature deviation of which ts difficult to estimate, ts i
caused by somedeficiencies tn the hardware, whtch was not of the high
quallty standard of a real SIC. To prevent heat betng trapped tnside the
[M, the gaps between the face plates were taped off wtth black painted
Kapton tape. This process inadvertently bent the plates, so that surfaces '7

that should have been shaded were exposed to stray 11ght. The tape also
touched parts of the internal cube _htch were supposed to be conducttvely
Isolated, resulting tn the cube receiving direct heat Inputs. An exact
calculation of the fluxes absorbed by the various nodes due to these
deficiencies ts not possible. A heat absorbed allowance has been made at
the nodes based upon estimated gap treas, local flux and absorptivity.

]t ts assumt,d that these edge effects are very stmtlar fur the different
attitudes and test methods and thts approach has therefore been applled :;

r consistently to the different test phases and to both test methods, For
: reasons of objective comparison, the flux distribution for SST or IRT was
L not varied wtthtn tts tolerance band. Ooubtless a muchbetter correlation

would have been posstble tf thts had been done.

c Ntmetch between TC location and node centre - The mismatches between
"_, t_ermocouple locatlon_ and node centres are most significant for those
_- surface_ that are exposed to |arge gradients,such as the cube and the top
_: i_d __o-t-[_ iUr-f_Lq _ tl_-I_Pl_ _1_ the'corner- nodes_of _the cube-f_e- .................................-+-
_ plates, for example (nodes 11, 13, 17, 19, etc.), a correction of ;

2" - 3'C ts estimated by linear Interpolation. The correction is negative
if the node temperature ts less than the centre node and positive tf tt i
ts greater. For the bottom plates of cube and prisms, a simple

14

..... '_'._._,_ , , . . .................. .. - _]._ "_ , -'-'--" FI.............. -F-"T -- _ 7 ..... _..- ' ;.... _ " _:
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Interpolation does not seemrealistic. Corrections of 4" - 6"C re
estimated tn these cases.

Reflections mromthe cable loom - Additionally, tn the case of the bottom
plates of tL.: cube and prlsms (surfaces 6, 10, 14, 19 and 24), solar
reflections from the cable loom magntfy the deviation. Thts tsa spectftc
problem for SST. The cable Insulation geometry ts not v_11 deftned. The
approximation tn the Tlqqby a rectangular cyllnder does not reproduce the

-, correct test flux pattern. It wtl?d)e seen later that the IRT correlation
: for these surfaces produces somewhat'better results than the SST.

ZRT at 1400 Wm-2level

As expected, the correlatto._ achteved between the T144 and test data ts
best for Attitude-IV, as can be seen fr_t_. Figs. |0 tO 12. The Attttude-I
test contained too many inaccuracies artstn9 from lack of experience of
the test method,a situation exacerbated by the short period of
availability of the test factllty for the test programme.
TMMc shows better correlation for Attttude-! than Attitude-IV, suggesting
that the approach is less responsive to learning-curve Improvements. For
Attitude-IV there is a significant difference between TWqc and TIqHm
correlation. In general, a better correlation ts to be expected wtth the _
flux measured at the spot than wtth a compuler-generated flux, for the i
stmple reason that the data fed tnto the computer are based on one lamp
in a fixed position. The flux tsa functton of the lamp posttton wtth
respect to gravtty and tt has been shom durtng Individual lmp tests !
that thts, together with variations due to manufacturing tolerances, ts 1

• not negligible. !
It is clear from Table I that the TI_ correlates better wtth SST data
than IRT data by 4 factor 2, and that the TMMm 4gatn correlates better
than 114qc for Attitude-IV. In Attitude-I, the difference tn correlation
ts not significant.

I

" Referring to Ftgs. 10 to 12, the TOOpattern for
ttudes ts very stmt lar to that of SST and looks i

more consistent. That of the m-case showserrors of a more random !
nature. The SST backscatter ts not present, but sptllover to other .
surfaces due to not accurately baffllng off ts caustng a reduction tn i

.. temperature grad tents. 1
;. J

Fluxes and s 11lover - The TOOcurves showclearly the difficulty of

, es ma ng • ux distribution and the sptllover.to surfaces supposed
; not to be exposed. Surfaces 18 and 23 for Attitude ZV are good examples.:' These are the top surfaces of the trapezium based prtsms and are supposed i

i_: to be shaded off by LN2-cooled baffles. The test configuration dtd not _,

allow accurate adjustment of the baffles (whtch mtght not be the case for

i: a larger test item). An over-baffling of these surfaces Nould hive been

beneficial for the correlation. At the gtven temperature level m gap of 1 i
..... to 2 an _ould tallow sufficient sptllover to tncreese the temperature of

i surface 18 b S-IO'C. Surface 23 shows a larger deviation, whtch can only (Y
be pmrttmlly explained by sptllover; here the assumcl edge effect, i 1
mentioned emrller maybe more severe due to the 1¢m position. Sptllover

i_, (
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L_" was _eclftcally accepted and measured prior to testtng on surfaces 7I_. and tn Attitude-IV and tntroducnd tnto the TI_.
l-J'. ....

Cable loom - The bottom pla_es correlate bet,tar than tn the case of;,)L

_ _;r_"_'l--_'cause there were no ct_ble reflections due to the ;R lamp
&"..... gem_etry. Tht_ ts an example of one of the poslttve ferAtures of IR

testing.

IR lam -tnduced radtents - The thtn IH face plates have the ....

i!i 'I_ shows the test data gtvtng TI3Dfor the TC outputs of the ""
.......... a vantage a e nduced gradients are made v|s|ble. Ftg. 14

;_ corresponding exposed su','faces for SST and IRT for Attitudes ! and
_E;_ IV. The node tn the centre (_f the surface, ts taken as a reference.
i The gradients are significant, emphasts|ng that conduction through at_•_ surface and the homog_ne|ty of the flux must be carefully considered
_ .hen ustng IRT. -

_- The blockage effect of the lamps and 1rap structure
_-_e c--_Td-_roud ts s rather compl|cated issue. Each node has tts : :.
own thermal environment depending on the butld of the supporting
structure and the lamp configuration. Hode111ngof such detatls wou_d, j
have to be very comprehensive to achteve acceptable accuracy. The
,_St significant effect is that of the baffle temperature. The . ,_
blockage by structure and lamps ts estimated at IOZ and these have
been combined by setting an effective shroud temperature of -160"£,.
It ts realtsed that thts approach is rather coarse and wtll have
local effects on the temperature distribution. An effort to calculate
the effective radiative coupltn9 to the chamber shrouds by using the
cool downcurve was not successful due to lack of data.

IRT phases wtth reduced power levels (1300 Ira-2 and 1200 k_°2) ;i

Att_[tudes ! and IV were exposed to power levels of 1300 _-2 and 1200 : 'i
k_-_ by rattotng down the voltage applted to the lamps. These test _ :
phases were introduced to show the feasibility of extrapolating to : i
other flux levels. In the TI4qfor both m and c the flux at each node i i
was rat|oed down to the required levels, and as expected the Twq *

,. correlation was somewhat improved. The TOOrematned the same to I
wtthtn* I'C, for each attitude. The remarkable equivalence o_ 1MH
IRT data correlation confirmed that at least between 1400 14,-_ and
1200 14n-2 the shift tn the frequency dtstrtbut|on of the lamps for _i

black patnt is negl|gtble. It therefore _ufftces to.show only the ifrequency distributions for the 1400 klm-_ Flux case

"-'; SuIqqARYOF PROBLEMAREAS

._ (1) The accurate detemtnatton of flux Intensity

"_i_'" The tes_ analysis confirmed the ftndtngs of earlier lamp: evaluation work and showedthat the !R lamp characteristics
': _' cannot be described sufficiently accurately for computer flux

- generation alone to be used for Intensity distribution

':. "
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purposes. Measurement of the actual f|ux from a particular IR ]amp
array is necessary. In these tests the use of a greater number of
calibrated flux sensors would have Increased conf|deece tn the flux

i distribution.

(it) The contro! and tntenstt,v .measurementof the sptllover

For TIll verification low Intensity sptllover is not necessarily a
problem, as long as tt ts known end measured.

(1tt) Flux homo_]enett,v

The temperature rtpple tnduced by the nonhomogenetty of the ZR flux
has an effect on temperature tolerances and consequently on the
themal environment at untt level _ld unit operational tempe)'ature
ltmtts. The measured max|mumtemperature gredtent for the 0.3 m,
copper plate of the XMwas 12"C (see Ftg. 14). Thts was
significantly tmproved as experience was gatned tn the technique;
in the later case the gradtent was at worst 4"(:. (see Fig. 14
Attitude ZV). The impact of this on the test method ts a likely
requirement for there to be more thermocouples than for a typtcal
spacecraft SST.

(iv) Extrapolation temperatures

Changtng the flux Intensity 1
_e_ shows that wtthtn the chosenIntensity band of 1400--1200 , for the black patnted ZM,

temperature extrapolation ts permissible.

IdORK;NG METHODS
i

For the XRmethod of themal balance testtng to be successful, more than
for SST, close cooperation between the analyst and the tester ts
essent|al. With XR tPchnlques the possibility for error ts greater than
wtth solar simulation _here years of experience have resulted tn the
development of accepted and well kno_mmethods. The use of baff|es, the
measurementof flux distribution and sptllover are typically areas where
the analyst must have a clear view of the tester's work. Similarly, the
tester must have the flexibility to propose arrays of l_ps end baffles
and areas of sptllover ihtch wtll result In an optimum test
configuration. The thermal balance test thus becomesmore a questton of
designing an experiment that will prove the _ then a re_rnductton of
the spacecraft worktng environment.

"" ; CURRENTPRO_N44E _ WORK

With a view to tackl|ng the problem areas not yet addressed, or not
_ addressed sufficiently, by the above work a cont|nutng progrm ts

* h pI armed.
_ This consists of absorptivity measurementsfor t_l)tcal spacecraft
_ surfaces in the XR 1rap flux regime and conq)artson wtth solar energy

response and a sertes of tests to be made on a more complex spacecraft

!
I
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model. Thts model ts intended to be similar thermally to the radiating
surfaces of a large telecommuntc;"tons spacecraft. The model, named
NOSAT,consists of a simple ]nsul_ ed box, one face of _htch has areas of
second surface mirrors (SSM), areas of htgh insulation and
discontinuities and protrusions typical of the real spacecraft radiator.

"" DummyInternal dIsstr_ettng sources are themally connected to thts face.
. The opposite box face ts a stmple SSMradiator without protrusions and

:. discontinuities, blot wtth tnternal dissipators attached. A shadow-casting
,.. dummyantenna ts fitted to the model.
", Using this model tn conjunction wtth the absorptivity measurements

referred to above, solar-simulation and Infrared tests wtl] be carried
out. A thermal mathematical model of some120 nodes ts tn preparation and
the intention is to compare correlations tn a similar way to the work
reported in thts paper. It ts hoped that good co-relation in the IR case
can be achieved for thts model and that the correlation wtll be more

- close to that for solar simulation than was th_ case wtth the small black
model.

ACRONYMSt ABBREVIATIONSI MNEMONICSANDSYMBOLS

TI_ : Thermal Mathematical Model
SST : Solar Simulation Test
IRT : Infra-red Test
% : Solar Absorptivity

: Hemispherical emissivityCh
IM : Ideal Model
m : Used as index to refer to the measured flux
c : Used as index to refer to the computer generated (calculated)

flux
K : Degrees Kelvtn
C : Oegrees centigrade.
TOO : Temperature Otfference Distribution
TC : Thermocouple
SIC : Spacecraft ;_;
SSH : Second surface mirrors

REFERENCES

1) klalker a.B.; I)evelopment of Infrared Techniques for Testing i
Spacecraft p 47 ESABulletin, 25, February 1981. :

' 2) Bachtel FO. and Loose O.O.; Design and Control of an Orbttal Heating
Simulator 6th AIAA Thermophystcs Conference April 1971.

"_i. 3) Anderson a.kl., et.al, preliminary design of Heat Flux Simulation for
_. Apollo Telescope Mount, Lockheed Report LMSC/687335, M_ 1969. !

4) Wtlltams F.U.; Analysts of Radiative Sources wtth Both Specular and j
_ Diffuse Characteristics tn the vtstble and Infrared Spectrum. NASA !

!
':" SP-379, 1975. i

!_:: S) Sousek O.; Orbttal Simulation of the Titan ]11 Transtage Spacecraft
i:" Institute of Environmental Sciences 1966 Annual Technical Meeting i
-_. Proceedings. ;_
_ 6) Nuss H.E.; Themal vacuum testing of solar panels by solar simulation
, and infra-red simulation. Proceedings Institute of Envtroomental i
i_ Sciences, 25th Technical annual meeting, Seattle 1979, p 188.

", 4

i" _ 18
. !

_. o ...." i: _ : :__ ....... : '--,'- : ,.,,_-_--- -- _-.._ _:_,--._... ...... ...... :..

O0000001-TSBIO



r, _ !
";" . , j

ORIGINALPAGEIS tOF P(X)R QUALrW
I"

ATTITUOE 1

!' Test Hethods SST IRT
in

Y_ Flux MEASURED CALCULATED
:l- C"'2 )
r 1500 ** 1400 1300 1200 1400 1300 1200
L:.

, ...

Temperature
['C]

Btas - 1.1 - 3.9 - 3.8 - 3.7 2.2 2.2 2.2
Stand.dev. 4.4 8.0 7.6 7.4 7.7 7.4 7.2
Extremes mtn. -12.4 -21.0 -20.3 -19.8 -19.2 -19.8 -18.7

" max. 9.6 23.6 23.0 22.0 24.7 74.0 23.0

Sample stze* 128 124 125 125 124 125 125

m n •

ATTITUOEIV
i i i

Temperature
['C]

IB|as - 1.5 - 0.8 - 0.8 - 0.9 0.05 0.05 0.03
IStand.dev. 4.1 7.0 6.9 6.8 10.5 10.2 10.0
Extremes mtn. - 9.6 -25.1 -24.9 -24.8 -20.2 -20.0 -20.1

" max. 8.2 16.0 15.6 15.3 31.3 30.5 29.5
I

Sample stze* 128 126 1126 12fi 126 126 126
IK ....

'" * Excludes fatled Themocouples
)": ** Test plane

• I Table 1. - Statistics summaryTable of the temperature difference
,..-. i dtstPtbutton for all test phases

_w
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" IMPROVEDMULTILAYERINSULATION APPLICATIONS

George Hikk
__l_, The Optical Technology Division of The Perkin-Etmer Corporation

:'1_ ......... ABSTRACT ..

j. Multilayer insulation blankets ere used for the attenuation of radiant
_ _: heat transfer. Typically, blanket effectiveness is degraded by heat leaks
_ _" in the joints between adjacent blankets and by heir leaks caused by the !
7 blanket fastener system. This paper describes an approach to blanket design

based upon modular sub-blankets with distributed seams and upon an associ-
ated fastener system that practically eliminates the through-the-blanket t_
conductive path. Test results ere discussed providing confirmation of the !

approach. !

r_ TYPICAL BLANKETSAND INSTALLATIONPERFORMANCECONSIDERATIONS . 1

Multilayer, reflective shield, insulation blankets are used to ettenu- I_!
ate radiant heat transfer between heat sinks and sources. In normal eppli- _i
callous, a predetermined number of reflective, parallel and practically !

noncontacting radiation shields are assembled into a "blanket", and the _!
number of shields used is dictated by the degree of attenuation required, i

The reflective layers, generally, are thin layers of plastic film !
(Nylar, Kepton, etc.) which are aluminized on either one, or both sides_
de,ending on the intended method of mintelning physical layer separation in
service. Singly aluminized layers are typically 0.00025 inch in thickness,
usually Mylerp end are mechanically crinkled with a random pattern. When
these layers are assembled into a blanket, the through-the-blanket conduc-
tion is minimised by the relatively small number of naturally occurring
contact points between the layers, resulting in a very long conduction path

: through the blanket. The blanket is assembled with care to assure that the i
coated 81de of the reflective layer faces the uncoated side of the adjacent ,_
reflective layer to further minimise both through-the-layer and along-the-
layer conductive heat flow. This type of blanket design is effective and is _:
normally used in areas not subject to physical space limitations which would I
prevent the normal separation of the layers under orbital operational condl- J

• In assemblies where the blanket installation envelopes are such as to +
'+ preclude the "fluffy" installation approach described above, a plastic _

brmm, eluminised on both sides, is used as the reflective element of the +
blanket. Typicallyt the membrane is 0.00017 inch thick. In this approach,

+_+.• the radiant shields are kept separated by an interspace net, similar to a
_+; _ bridal veil. The net serves as a physical barrier pre_entin 8 layer contact.

+_.'. _ The through-the-blanket conduction [| controlled by definition of the net

+_. ; sash, materiel, geometry and construction; in practice, it can provide a
i+_ . performance level similar to the crinkled approach, even under slitlht cma-

,I
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pression which may result during installation in limited space areas. The
disadvanteBe of this approach is Chit i¢ is more difficult to work with
because of the thinner reflec£ive membranes and the presence of the spacer
net,

Zn either approach, the loose blanket layers ere assembled into a
blanket by fasteners; stapling; plastic snap-button types; or a piece of
plastic monofilament provided wlth button-type devices at each end. In the

.... finished form, the blanket thus has a *'quilted" appearance. Generally, the
:. blanket edges are either sewn, raped nr left as is, depending on the type of

joint to the adjacent blankets, to complete the assembly. It should be
noted here that any local disturbance of the blanket, which either pinches

-" the layers together or shorts through them, becomes a slgnif[cant heat leak
on the scale o£ heat control addressed, partlcularly when blankets of typi-
cal performance 8oals of effective emittance, _ *_0.01 are considered.

Due to the complex geometric nature of the spacecraft, various blanket
shapes ere required for a typical installation. The blanket-to-blanket
interface becomes very important here because o£ the con_lictln8 require-
meets of high blauket per£ozmance, limited spacecraft power, spacecraft
function, manu[acturability, installability, cost, schedule, etc. As a
result, blanket-to-blanket _terfaces include butt joints, overlap joints,
fold-over jo£nta acui _ndividually-interleeved joints. The butt joint is the
least desirable from a performance point of view s_nce, in a typlcal joint,
there is only a single layer of attenuation for the length of the islet,
i.e., that of the tape holding the butt joint together. It is generally
used where space allocations do not permit an overlap or other type of
jolnts; it is relatlvely simple to implement, although blanket dimensional
tolerances are important.

The overlap joint is exactly that: the interfacing blankets overlap by
a predetermined distance and the blanket is twice as thick in the _oint
area. Although it is a simple joint to implement, it still carries a per-
form_¢nce penalty due to heat leaks emanating laterally through the Gasp
between the overlapping blankets. Even if ic is taped, it will behave simi-
larly ¢o the butt joint, although not as severely.

- To overcome the continuing performance problem with the overlap Joint,
a fold-over joint is frequently used. In this installation, the adjacent
blanket joint portions are placed adjacent co each other, taped together,
and then folded over to create a flat, interlocked roll, which is then

':= folded down and taped to one of the base blankets. The foldover serves to
significantly diminish the radiant energy leak characteristic of the simple

_" overlap. While this Ls qulte effective, the joint requires more space and

,_ _ is difficult Co implement in areas of complex geometry.

_" The ultimate in performance o_ blanket joints is an interleaved joint. :
_ _ The reflective layers of the adjacent biankete are interleaved, thus
_" approaching the performance conditions of an unbroken blanket. This appIk-
:_ cation technique is usually limited to very performance c_itkcal assemblies

_':._ or systems. It is quite costly to implement because extensive labor is re-

_/ quired to interleave the layers during installation.

33e
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[ . A further degradarion source in blanket installation is the type of
fasteners used to hold the blanket in place on the object being insulated.

!: For example, let us take a fastener that is typically a plastic post, which
penetrates the blanket and is fastened to the substrate. It i_ fitted with

: a plastic disk at the other end to keep the blanket in place. This de,site
can be a relatively significant cause of heat loss in some critical instal-

=" lations because the re_aining disk is a radiating pin to.pied directly to
_ the substrate with good conductive path. Each application varies and mus_

be evaluated on the specific design utili_ed, such a_ fns_e,er size, the
coating used, the number used per uni¢ _rea, source and nink temp_rat.res t
and other similar considerations to determine the impact on the, ove_rall

_' blanket performance.
!
[- .

It should be noted here that it is not the purpose of thi.s p_per rn
_. generate and present parametric data on general blanket system configura-,
_'" tione; such data is widely available in the existing body of literature on
_,_, thla _ubj'ect. The foregoing general discussion was provided to serve as the

intzoductlon to improvements in multilayer insulation (MLI) applications
that are described in the following sections of this paper.

_ .. MOTIVATIONAND OBJECTIVES FOR BLANKETIMPP"VEMENT
I
F_
_. The thermal control system for the Optical Telescope Assemblyt the
[' major element of the Space Telescope, makes extensive use of multilayer
_i thermal insulation in order to meet its design perEormance goals• These
_! goals are characterized by the need to malntain the telescope's structure :

. temperature stability within fractions of degrees while operating withstringent power allocations, derived from the capacity of the Space Tele-
i_ scope's solar panels. Meeting these requirements dictated the use of

blankets with an installed performance level of 0.01 for the blanket effec-
t, tire emittance, _*• Additionally, available space and weight considerations
_.. made it imperative that the number of blanket layers, i.e., weight, be mlni-
_- mized .:
I

A review of literature _nd experience from various sources see_d _o _
• indicate that to obtain an in, tailed effective e_ttance o£ O,O1_ a. total o£ _

_i 20 layers would be required as a mimimum. It should be noted that the theo-

i retical performance, _.*, of a 20 layer blanket is O,OO2, This indicates
quite a discrepancy between design theory and the actual results in real

. installations.

An evaluation wao conducted to identify the possible sources o[ the
_. differences. The areas identified as potential contributors to blanket

Ill design per_or_Inee degradation are listed belo_ in their order Of i_por-
lance.

o Joints and seams _
, o BZanket fasteners .
_ o Blanket

_. o Blanket to a-bstr4te
i o Layer contact conduction
_' o Residnal gas conduction

i!
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Joints and seams were determic_d to be the major potential contrib-
utors to degradation, accounting for an estimated degradation of heart I 60Z
over the performance of the basic blanket. The assumed configuration of
fasteners was estimated at approximately I0_ in contrast.

The layer contact conduction, based on using a spacer net, was deter-
mined to be a relatively low value, and a decision was made to optimize it
by increasing the net mesh to a maximum practical size while minimising the
thread ,ize. It was felt that the next c_ntribution can be calculated and
will be relatively constant once defined by design.

With re_rd to residual gas conduction, this was de_ermined by calcu-
lation and experiment to be a reZativeLy short-term phe.,ommnon as far as
blanket performance degradation was ¢oncerned. The _etaiLs of this evalua-
tion are presented in reference I.

Therefore, the improvement effort was concentrated on the followin_ I
design, fabricstlon and installation items: ,_Io Effective elimination of the major performance degradation

factors: !
o Seam/joints effects
o Fasteners effects

o Simplification of design, fabrication and installation process to _
assure consistent, repeatable performance in the as-installed
system.

o Eliminate the need for tight d;mensional tolerances. 1
o Simplify/eliminate blanket fabrication jigs, fixtures and

hardware models. 1

o EL/mlemte the need for prior location of blanket fasteners to
the hardware and develop automatic methods [or locating and i

fastening blanket fasteners on the hardware, i
o Reduce the skill level required to fabricate and install the I

blankets.

RESULTS OF EVALUATIONEFFORTS _

As a redult of the integrated evaluation of the above improvement I
areas and associated analysis, design and experimental efforts, an improved
method for designing and applying multilayer blankets appears to have been
achieved. Experiments! data at this moment is not extensive (some are
reported in reference 2), but it appears to fully confirm the approach that 1
has been devetoped.

The blanket configuration shown schematically in figure I is based on
the use of sub-blankets nominally consisting of four radiation shields, i

--" fastened together at the edges by tape and by attaclment of the blanket

i-_. fasteners over the expanse of the blanket.

i_ The blanket system consists of a predetermined number of sub-blankets i
'- installed over each other so as to distribute (off-set) _he joints in each

sub-blanket from those of others in the blanket system. Minimum offsets are

33c
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typically greater than 2 inches and are optimised in the installation for

maximum practical relative spacing in the blanket system.

Each individual sub-blanket may be joined to its associated mates,
either by a butt or overlap joint; the integrated blanket system is rela-
tively insensitive to individual sub-blanket joints.

This approach is equally applicable to simple or complex surfaces.
The effect of this blanket design and installation process is that any break
in a single sub-blanket in the system is backed by other unbroken sub-
blankets, thus insuring, u a minimum, the performance of the unbroken sub-
blankets in the joint location. Due to the number of Layers and sub-

blankets used, the practical consequence is that there are negLigibLe seam/ ._
joint heat loss effect_ in the blanket assembly, i.e., the assembly very
closely approximates a seamless blanket.

The placement of the joints in the blanket system is not critical, !
thereby permitting relaxation of dimensional controls normally exercised ::
during manufacture and installation. This provides both installation and
manufacturing flexibility, resulting in considerable cost and time savings
over more traditional approaches.

The use of the sub-blanket approach also simplifies the solution of "Itlle blanket fastener heat leak problem t s_nce it provides the means to
ef[ectively eliminate the through-the-blanket heat leaks due either to the i
blanket fasteners or ti_c blanket-to-substrate fasteners. In this approach,
the fastener assembly is composed of two parts which can be mated and i
demated by mechanical means, for example, hock and pile. During fabrica-
tion t one-half of the fastener assembly is permanentlymounted to the
blanket. The mating part is then mated to the secured half. The matin8
part is provided w_;h a protected adhesive surface which is uncovered prior
to the insta||ation of the sub-blanket to the next sub-blanket or to the

substrata, as appropriate. The relative location of the fasteners is thus
determined su+omst[caLly during the i_itial aub-bl&nket iustallation

sequenc_.

Since the fasteners are located during the blanket assembly and

[nstallation process, the need for specific dimensional control is elimi- ]

sated, along with manufacturing tooling, jigs and closely dimensioned _
drawings. I

TEST PROGRAM

Two significant experiments were conducted during this effort. The
first was an experiment to verify the validity of the "staggered" joint/sub-
blanket system approach, and the second was an experiment to determine the
performance characteristics of a "flightlikc" blanket system as described in
this paper when applied to s simulated, complex representation o£ real
spacecraft hardware.

I
In the first experimentt a prototype part, a relatively complel

graphite/epoxy structural member, was prepared with heaters0 instrumented
1
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and insulated with s system of five two-layer sub-blankets wi_h st•gger•d
seams. No intersub-blanket fasteners were used because the objective was to
assess the success of the seam elimin•tlon, a major source of blanket per-
fort•ante degradation, by itself. The test article was suspended in • vacuum
chamber outfitted with LN2 background shrouds.

Two types of tests were performed to determine the blanket average t:*
ms follows:

o Transient Te_t - The test article was stabilised at a nominaI
_ average temperature of 70°F with cold shrouds. Test article

heaters were then shut off and the temperature decay recorded.
The L'* was calculated from the rate of change of the test article
temperature.

o Stead_ St•re Test - The test article temperature was maintained at
a constant temperature when operating in a cold shroud environ-
ment. The _* v_s calculated from the measured heater power.

The results were as follows:

* Predicted t* Transient Test t* Steady State Test

0.004 0.004 0.004

_ As can be seen, the measured performance was surprisingly good and
provided the motivation to proceed to a complete blanket simulation. In the
second experiment, a segment of the telecope support ring was built to simu-
late the thermal performance characteristics of the structure. This _s o_e
of the more couplex areas on which to install blankets due to • l_ge number
of attaching structural members. This simulated structural part :_s insu-
lated with • blanket system made up of three four-layer sub-bla_.t_
equipped with the fastener system as descriIged ear•Let. Both transient and
steady state tests were conducted. Performance measurements _ndicste a
system performance of_ * in the ranged of 0.006 to 0.010t compared to a
predicted performance oft * = 0.006. The details of this experiment, its
related analysis and results are d_sc_a•ad £n detail in reference 2. It is _

:= significant to consider these results in the light of general experience
which indicates a need of 20 layers, Installed by experts, to assure the
achievement of a performance level of v* .0.01. The blankets in this exper-
iment were fabricated and installed by untrained personnel on • very complex
test article, consisting of 12 layers and achieved a performance level very

' close to predicted values.

_ COmCLUS_O_ _-

:_ The blanket system press _ _d in this paper permits insulatlon of
...." complex space hardware in a simple, c_.s_-effeetive, msmqet while at the same

"I time achieving performam_ce levels for installed blankets very close to aria-
*"" Iytically-predicted v_lues. The application of these _echniques should be

of considerable importance _n improving the cost-effectiveness {or thermal
control systems in _uture spacecraft.

I.
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ABSTRACT

A totally passive design has been completed for the ther_nal control
of the Galfleo entry probe during its transit to the planet Jupiter. The
design utiltzes radio-isotope heater units, multtlayer Insulation blankets
and a themal radiator, in conjunction wtth a design conductance support
structure to achieve both the required storage and crtttcal tntttal planet
atmosphere entry temperatures. The probe transit thermal design has been
completed and verified based on themal vacuumtesting of a prototype
probe thermal test model.

INTRODUCTION

The Galtleo Probe is being prepared for exploration of the
atmosphere of the planet Jupiter in an extension of the earlier Pioneer
Probes which successfully sampled the atmosphere of the planet Venus. The
environments for the Galtleo Probe present unusual and challenging
thermal design requirements. The planet Jupiter's size, distance from
both the sun and earth_ and potential range tn atmosphere composition
and density profiles are primary contributors to the uniqueness of these
themal requirements.

Thts paper summarizes the design, development, and test verification
for the probe design for thpr_nal control of the probe during its transit
from earth and up to tt_ lntttal entry into the Jupiter atmosphere.

The probe ts designed for attachment to the Galtleo Orbiter. The
Orbiter/Probe Assembly is to be carried by Lhe Shuttle In a launch from
Cape Kennedy to a parking orbit about the earth. The combined Orbiter/

=. Probe Assembly ts to then be put into a transfer orbit for the planet
Juptter. The nomtnal &ime for thts Joined assembly _ranstt phase ts
approximately730 days from Its separationfrom the Shuttleuntil It Is ,)
at a proper locationand trajectoryrelativeto Jupiter.

i
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The normal attitude and orientation of the Galtleo Orbiter and Probe,
during tts transit from earth to Jovian capture, ts such that the Orbiter

• completely shades the Probe from solar Insolation. There are intermittent
periods, during thts transit phase, when the Orbiter/Probe attitude ts

., changed to permit interrogation by earth control stations. Direct solar
heating of the Probe forebody section may occur during these brief periods,
dependent upon the transit trajectory and earth/sun relattve positions.

•_ The maximumttme during which dtrect solar heating of the probe can occur
iil during these periods has been limtted by system considerations to four

t (4) hours.

The Probe wtll then be separated from the Orbiter for tts continued
approach to the planet. Thts separation wtll occur 75 + 25 days before
the Probe wtll begin tts entry tnto the planet's atmosphere. The primary
(and coldest) thermal design transit environment for the Probe ts thts
nominal 75 day period. The solar insolation, at this locattpn tn our
solar system, of approximately 5 watts/it 2, is tnsufftctent_nd too
trajectory-constraining to effect solar heating for Probe thermal control.

PROBETRANSITTHERMALDESIGNREQUIREMENTS

Pre-Seperation Phase J
A design probe interior average temperature range was selected for .i_

the nominal720 days of transit (i.e.while Joined to the Orbiter)
based on the storage/life characteristics of the lithium oxygen entry i
battery cells and the experiment, telemetry and control components
storage temperature requirements. The design range considers the above
maximumof four (4) hours duration, during which the Orbiter attitude
can be such that the sun may illuminate portions of the Probe or adjacent
Orbiter surfaces. The Probe design temperature range and Orbiter: Probe i

thermal interface conditions are summ_rlzed In Table 1.

Up to ftve (5) watts of electrical power can be provided to the i
Probe from the Orbiter during thts first transit phase. However, the
Orbiter power requtrments are such that a goal for the Probe design 1

_: was to accomplish Its thermal control without use of thts power, i

Post-Separation Phase 1
The primary Probe design environment ts that encountered during the I

50 to 100 days following the Probe's separation from the Orbiter, as the I

_: Probe approaches the Jupiter planet. The design objective ts _BEcthe
Probe's interior average temperature to equilibrate to O°C + -_or I

i -,. _ following its separation from the Orbiter, Thts minimumtemperitUre is
)--:_ that which the ltthtum oxygen battery cells are sufficiently warm to _ ,
L,:. provide the electrical energy as required for experiment, telemetry and -_._'_. •

::._ control upon planet atmosphere entry. The maximumtemperature was _i
_:_ selected so that maximumexperiment operation ttme wtll be realtzed J
:_. during the Probe's descent tnto the planet's atmosphere. Thts operational 1
::_' ttme period wtll be limited to that ttme at which the equipment ceases ;
:i_" . operation due to the excessive descent environment-Induced temperatures, i

.._

3b _
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_:"" PROBETHERMALDESIGNPHILOSOPHY

_i Preliminary studies indicated that post-separation transit thermal

_ control of the Probe by either controlled electrical heating or utiliza-
tion of an enhanced thermal capacitance was spacecraft weight prohibitive.

The basic one-watt, U23B, Radio-isotope Heating Units (RHUs) used so
_ successfully for local appendage heating for the JPL Voyager Spacecraft

and earlter mtlltary appltcattuns offered a promising low-weight thermal
energy source. The design problem tn the utilization of the RHUsfor
Probe transit thermal control ts the accommodation of the RHU's continu-
ous thermal dissipations during all phases of pre-launch, launch, and
transit, and the resulting Probe temperatures.

A Probe thermal design evolved from considerations of the various
Probe thermal environments which incorporates the direct exposure of a
specific area of the Probe heat shield nose as a space thermal radiator.
This direct exposure of the Probe nose increases the required number of
RHUwatts at significant associative costs. However, the objective of

this direct exposure ts to provide a design bias on the heat loss "paths"
and the resulting Probe thermal equilibration temperatures for each launch
and transit phase.

/:

The other basic elements of the Probe transit thermal design are a "'_!
multiple layer insulation(MLI) blanketset, a three-elementProbe:
Orbitersupportadapter set having a design thermalradlative/conductive i
characteristicand three Probe: supportadapterthermal insulators. The 1
basic Probe transitthermalcontrolconfigurationis shown in Figure I. i

The Probe design thus contains no active elements to trim or modulate i
either the effects of the RHUthermaT--output or the heat loss from the _J

Probe exterior during this design post-separation planet approach period. ._
The Probe interiortemperaturedistributionreallzedduring thls period ._
will be primarily determined by the insulation blanket's performance
(e.g., effective emissivity) and the thermal energy radiated directly
from Probe exposed surfaces (including the separation support interface
surfaces). As indicated previously, the equilibrated temperatures of the
individualProbe componentsattainedduring this phase will be their
"start-up" temperatures at the beginning of entry tnto the Jovian !
atmosphere, and wtll constrain the experiment's operational period j

Similarly, the Probe's pre-separatton transit interior temperature 4
ts dependent upon achieving a sensitive design balance between the
continuous thermal dissipation of the radio-isotope heater units (RHUs), i
the heat loss thru the Probe support structure, the insulation blankets,
from the exposed heatshteld nose area, and thru radiation to the

t: Orbiter surfaces.adjacent

_:. PROBETRANSITTHERHALCONTROLELEMENTS i

°}':"_ Radio-Isotope lleatln9Units (RHUs)
m _

]

I
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The RHUsare the only source of thermal energy for the Probe during
Its post-separatlontransitphase. The RHU design Is a welght-reduced
verslonof the earlierPioneerRHU. Each RHU contains the precise
quantityof U238 isotopeto release1.0 watts of energyat three (3)
year's followlngfabrication. The design half-11fefor thlj isotopeIs
86 years. Each RHU consistsof multiplemetal cyllndrlcalenclosures
of the U238, which contaln,absorb,and 11mlt the isotopegamma and
neutronradiation. The outermostmetal cylinder Is, In turn, enclosed
In a machinedgraphitecyllnderwlth the resultlngoutsidenomlnal
dimensionsof 2.5 cm. O.D. x 3.1 cm. In length. The nomlnalweight
for each RHU is 38 gm.

The RHUs are attached to the interiorsurfaceof the Probe forebody
and aft cover heat shieldalumlnum 11nersas shown In FigureI. The
number used and 1ocatlonof the RHUs were analytlcallydeterminedbased
on MLI blanket,nose radlatorand temperature,radlentconsiderations.

MLI BlanketSet

The primarycomponentin the Probe assemblywhlch ,I11 determine
the RHU thermaldissipationrequlrementIs the multiple layer insulation
(HLI) blanketset. This blanketset w111 restrictthe heat loss from
the relativelylarge Probe forwardand aft exteriorsurfaces (approxl-
mately 3.5 m_). There Is an extensivehistoryIn the design and "
utilizationof MLI insulationfor nearly every satelliteand space
vehicle system. The GalileoMLI blanket'sapplicationrequirementis
unique,with regardsto thls experience,In that it Is essentialthat '_
their thermal insulationperformancebe preciselyknown and maintained.
If the blanket'sheat loss Is greaterthan the design range during the ._
Probe's planetapproach,then the equilibratedProbe'sinterior i
temperaturewill be colder than the design limit for activationof the
Probe payloadand power assemblies. Conversely,If the blanketsprovide ..i
greaterinsulationthan their design range, then the temperaturesof the _ 4
Probe'spayloadand power assemblieswill be higher than the design _ ,_
limit. Both sciencepayloadand power system_Isslon performancewlll be _

significantlyaffected by storageand activationtemperaturesin excessof +20°C.
|

The MLI blankets have been configured such that Joints, penetrations, I
fasteners, electrostatic (ESD) grounding and installation effects will
be minimum tn their effect on Probe heat loss whtle tn transit environ-
ments. Thermal vacuumtesting and blanket manufacturing control are
essential to the Probe thermal design. The Probe ts expected to encount-
er charged particle fields, as tt approaches Jupiter, of approximately
40 times greater than those encountered by geosynchronous satellites
orbiting the earth. Particular care has been given to providing electri-
cal grounding of all of the Probe exterior elements. A black, electrt-

", cally-conducttve coated, vacuum deposited aluminum, Kapton outer layer
!: was used as the outer layer fop ell of the MLI blanket areas which "

could experience solar heattng. All surfaces of the blankets and tapes
were provided a ground path to the electrically-conductive, phenolic
carbon, Forward heat shteld.

:_

I
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-" Probe Spo_e Thermal Radiator

": The design objective of the direct exposed Probe thermal radiator
i. ts to bias the heat leak from the Probe _uch that it is predominantly
.- vta the Probe forebody surface. This bias thus minimizes the thermal

:: differences between the post-separation environment effects and pre-
separationthermaleffectsof the Orblterupon the Probe a_t surfaces
and support Interface. The second design objective of the nose radiator

................. ts to desensitize the Probe's thermal balance equilibration temperature
,,, to the HLI blanketset's thermalperformance. The accompanyingFigure 2

summarizes, schematically, the design Probe thermal balance distribution
-" goals for both the Probe's pre-separatton and post-separat|on thermal
-_': envt re nment s.

=' It was recognizedearly In the Probe transitthermaldesign concept *_J
,. effort that there should be somemeans of realistically accomplishing '

a trim on the the_-mal balance of the f|nal Probe flight assembly in view i '1

of: 1

-_ I. KL! blanket set Installation effects on realized blanket ]
m. performance.

,._

-; 2. •Differences tn thermal performance between development and "i::'-" flight MLI blanket set thermal performances. "

BB 3. Substantial efforts tnvolved tn the Probe heat shield dts- i
e assembly required to add or remove Internally-mounted RHUs '
_ to achieve design equilibration temperatures. !

- A "trimable" thermal radiator design evolved which employed use of a

stable, low emissivity tape, tn conjunction with the inherent highemissivity of the Probe forebody phenol tc graphite forebody heat shield.
The design tnvolved space exposure of a specific area of the forebody i
nose phenoltc carbon surface and a proportioned area of exposed adjacent i

-' low emissivity (_:._)tape-covered forebody. A11 other significant ,
," surface areas of the post-separation Probe are enclosed by the MLI -t

blanket set.

• A vacuum-deposited gold coated Kapton tape, with a silicone "
adhesive was selected for the low 6, radiator tape. Themal balance 1
adjustment of the Probe flight set can then be affected by removal (or 1

_ addition) of the taped areas o.f" the exposed forebody to compensate for ti
the realized final assembly NLI blanket set performance, j

Probe Support Attachments 1

The Probe nominal des|gn temperature during tts early transit phase
,_ (I.e. whtle jotned wtth the Orbtter) |s -10°C, whtch is l_)aC less than
-'/" Its nomtnal design temperature following separation from the Orbiter.
'_::- The thermally conductive coupltng (,,f the Probe thPu its supports wtth i

the Orbiter offered a means of compensation fop the effects of the :: .:
thermal radiative presence of the orbtter relative to the Probe aft _ .

, .., , . • , , , ; :-, = ....:,,:,_,:.-_.: . ._ ;, j
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_:" surfaces. This compensation is possible since the Probe support,
Orbiter mounting interface temperature is lower than the Probe design
internal temperature.

A Probe _upport thermal destgn was _ccomplished that provides a
net conductive heat transfer thru the three support assemblies to the
Orbiter to compensate for the radiative presence of the Orbiter. The
design tncludes a carbon phenolic contcal insulator between the local
Probe mating surfaces and the three support assemblies. This design
also depends upon a low thermal conductar,ceand a low emissivity of

:"/ the three support assemblies. The low thermal conductance is achieved
_'" by the use of titanium alloy 6AL-4V and minimumstrut cross-sections.

Low emissivity of the surfaces of the three support assemblies is .... ,
obtained by covertn_ them with the samegold-coated Kapton tape used
for achieving low _ on the selected areas of the Probe forebody space
thermal radiator. "

ElectricalHeaters

The Probe transitthermalcontroldesign was accomplishedin
tlme-perallel,both with the JPL Orbiterdesign effort and several
planet-entryProbe trade considerationswhich presentedpotential
design/supportinterfaceuncertainties. Three 1.66W thermostatically-
controlledelectricalheaterswere incorporatedinto the Probe design to
preventexcessivelylow_Interiortemperaturesduring the pre-separation
transitphase in the event that the Orbiter: supportadapter'sinterface
temperatureevolvedto K -150°C,or increasedProbe weight necessitated I
larger supportassemblycross-sectlonsand/ormaterialswith increased !
Probe supportnet conductiveheat loss. i

The design objectivehas continuedto be for a totallypassive i
pre-separatlontransitProbe thermalcontrol (i.e. no electrical 1
heating), i

DESIGN TRADES

An analyticalmodel was constructedof the Probe to simulate, I
r: thermally,its responseand equilibrationto the variousmission thermal

environments. The basicmodel was configuredto representthe Probe
In its primarydesign post-separatlonmission phase. The model, as _
constructed,consistedof 104-nodesand slmu]ateda I/6 sectionof he
Probe, reflectingits symmetryand the need for predictionaccuracyof

]

l(_al temperatureswith considerationof c_mputertrade costs. This
model was used to assess the sensitivityof the post-separationProbe i

" configurationto the numberof RHUs, MLI blanket set thermalperformance,
- space radiatorarea exposureand radiatortape effectiveemissivity.

,): A second analyticalmodel was constructedby the additionof
:J_ nodes to thermallysimulatethe Probe and supportadaptor's effectson
_:_ the Probe responsesand equilibrationto the pre-separatlontranslt

env|ronment,in combinationwith the Orbiter"thermalIn&erfaces, J
J
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This pre-separatlon Probe model continued the symmetrical
representation of l/6 of the Probe and included conductance tn the
adjacent support adapter and simulation of the adjacent Orbiter
thermal radiative presence. The resulting model consisted of 136-nodes
and also included _tmulation of the three previously identified

- thermostatically-controlledelectricalheaters.

The post-separationand pre-separatlonProbe thermalmodels were
exercisedto predictequilibratedtemperaturesfor variouscombinations
of MLI effectivethermalperformance,number of RHIJs,total radiator
exposedarea, radiatortape effectiveemissivity,and tape coverage.
Figures3 and 4 show the resultsfrom severalof these trades. A
specificProbe design was selected,based on these trades,as the
design having the minimumsensitivityto the probahierange In design
parameters.

The final selectedProbe design thermalparametersare summarized
in Table 2. These Probe thermalmodels were also modified to permit
evaluationof both thermalresponseand equilibratedProbe temperatures
to specificstorageand ShuttleBay thermalenvironments.

PROBE THERMALBALANCETESTS
I

The passive.thermaldesign of the Probe and its crltlcalpost- iseparationequilibrationtemperaturemade thermalvacuum testingan
essentialpart of the thermaldesign development, Such testing in the i
post-separationconfigurationwas necessaryto providean assessment i

of: i

I. The MLI blanketset thermalperformance, i

2. The nose radiatorthermalperformance. J
I

3. The equilibrationtemperatureand Probe interiortemperature
gradientswith the selected31 RHU complement.

i
4. A calibrationof the effectof RHU dissipationon Probe "I

equtl Ibratlontemperature. _i
J

5. A calibrationof the effectof radiatorgold tape coverage 1
" on Probe equilibrationtemperature. !

Similarly,themal balancetest In the pre-separatlonProbe
configurationwas necessaryto providean assessmentof:

I. The adequacyof the thermalconductancedesigned support
"" adaptors to compensate for the effect of the Orbiter's thermal _
_., presenceupon the Probe'sequilibrationtemperature.

_ 2. The effectsof Orbiter:adaptorinterfaceand Orbiter thermal ,
=- sink temperaturesupon the Probe equilibrationtemperature. _ :_
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3. An assessment of the electrical heator power requlrement._,.

4. The equilibration temperature and Probe interior trr_peratur(_
gradlent_ with th_ nelected 31 RHIJcompl_m_nt.

The Probe .structuraltent mod_l, with an oxp_,r|mentpackagr,in
place, was fitted with 44 simulated (plectrlcally-lmat_d) l_watt RHIh,.
Th_ design gold tafm radiator pattprn wa_ applied to it.,forNard Imdt
shield nose, leavinq the ,_c.l_ctrdourfa_c_e_expos,ur(_of Gh(lcn,?(_f
pheno1_c graphite. A d_s_gn 3-el_nent, MLI blank_.t_pt vtasin_talled
and the Probo assembly was properly complPLed for thormal vacuum testing

':" In _t_ post-_el_ration configueatlnn. The a_mbly was th_n Installed
in a liq,id nitroi)en-cooledvacuum test ch_mher. The Probe assembly
was brought to temperature equilibration at two RHU uomplement
dissipation levels (33 and 39W). The corresponding Probe internal
average equillbratlon temperatures were -_I.5 and -12 3°C. The Probe
was then modified by adding an additional 465 cm2 of gold tape to the
nose radiator and again exposed, with 39 watts of dissipation, to the
liquid nitrogen vacuum simulated post-separation environment. The
resulting equilibration Probe average internal temperature was +.8°C.
Tileaccompanying Figures 5 and 6 summarize these test results.

The Probe and test facllity were then modified to provide slm_
ulation of the effects of a range of Orbiter: support adapter and
Orbiter radiative thermal sink temperatures upon the Probe. Thls
pre-separation Probe configuration (with the "added taped" radiator)
was brought to temperature equilibration with 39 RHLIwatts, for the
design Orbiter adaptor interface and sink temperatures of-150°C, 0°,
and +31°C. Figure 7 summarizes the resulting equilibration Probe
average internal temperatures.

The electrical heaters were energized during the final stages of
the pre-separation Probe's equilibration to the design -150°C Orbiter

_" interface conditions. All three of the independently-controlling
thermostats turned "off" their corresponding heaters at this condition.

!

CONCLUSIONS

The passive transit thermal design for the Probe is validated for
both the post-separation and pre-separation design conditions.

_m Both the MLI blanket and the thermal radiator's performance were
somewhat less than initially expected but are within the design adjust-

: ment capability This reduced performance results primarily from two
'-.." design development decisions:

_-: I. The initial MLI blanket design inv,)Ivedenclosure of all of
•.• the Probe aft surfaces, as well as a part of the forward
_. heat shield surface, with a single _ILIelement. This design

was changed to two individual MLI elements _overing th_se
Probe surfaces to simplify the blank_ configuration and

. . .. - - ._a:,. _ ...... ...:__ __:-_.._,-: 9-',_,.. " ...... , - " _., " w C," " e/Cr_ i---';7-_'_--_-'.-.- "" " "a . ,,
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Probe: blanket assembly procedures. This design change
resulted tn approximately a 300_ increase in the blanket
set Joint lenqth a_d a reduced set thermal performance.

2. A somewhatsimilar design change involved the installation
of the radiator gold tape as butting strip segments rather
than overlapping segments. This decision resulted tn an
approximate 20 mtl. average gap exposure of the carbon
phenolic heat shield between each segment. This exposure
resulted tn an approximate 30% increase in the effective
emissivity of the taped radiator area.

Evaluation of the test results indicates that the realized thermal
performance parameters for the individual MLI blanket elements and
the radiator were as follows:

o Aft HLI element effective emissivity (-.eff) _ .02l.

o Transition MLI element "_"eff _ .04.

o ForwardMLI element _eff _ .024.

Overall (area average)MLI set_ef f _ .026.

o Area Average gold taped radiatorsection_ H _ .075.

o Bare phenoliccarbon C H " .89. _

The Probe pre-separationelectricalheatersand thermostatsare
not neededand may be removedfrom the flightProbe hardware. I

!
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TABLE 1

PROBE TRANSITTHERMALdESIGN REQUIREMENTS

_ANDINTERFACECONDITIONS i

DESIGN RANGE : _
4

DESIGN PROBE INTERNALTEMPERATURES TEMP.. TOLERANCE

., +30oc
EARLY TRANSITPHASE (W/SUN) -IO°C -lO°

+20°

TRANSIT (W/O SUN) j-lO°C-i -10°
....... I "i

+_O°CI -""''_

POSTSEPARATION I O°Ci - 5°C
(JOVIANATMOSPHEREENTRY) '_

ORBITER/ADAPTORTHERMAL INTERFACE W/SUN W/O SUN

MOUNTING TEMPERATURE -50°C -150°C i

EFFECTIVERADIATIONSINK (FOR -50°C -150°C .;
AOAPTORAND AFT COVER) I

• i

ELECTRICAL
I

HEATING (<_.5WATTS) AVAILABLEFROM ORBITERDURING EARLY TRANSITPHASE. 1
I

q

ii
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TABLE 2

SELECTEDPROBETR,8,_SITIHERMALCONTROLDESIGNCHARACTERISTICS

o 3 ElementMLI Blanket

- 2-Mil.VDA Kapton inner and outer layers.

- 11 layersDacron Mesh, alternatedwith IO layers .25 Mil.VDA Mylar

- Pre-Separation,space-exposedblanketareas had Sheldahlconductive
(CarbonPolyester)covering.

- All Kaptonand Mylar layers were electrostaticallygroundedto local
conductiveheat shield.

o DesignExposure of 5444 cm2 of ForebodeNose as Thermal Radiator

- Coverageof 4784 cm2 of this exposed rorebodywith golJ-coated2-Mil. ."i
Kapton tape.

o NominalComplementof 31 l-watt RHUs, with MountingBracketsfor additional
13 RHUs

- NominalRHU distributionconsistingof:

6, locatedon Aft Heat Shield Liner

. 7, locatedon ForwardHeat Shield FrustrumLiner

18, locatedon ForwardPayloadSupportRing

o ConicalCarbon PhenolicInsulator(.2" thick) betweenProbe and 3 Support
Ad_aptor Mounting Surfaces

o ThermalConductanceDesignatedTitanium (6 AL-4V) SupportAdaptors (3),
with Low ('_Gold Taped Surfaces

o Thermostatically-controlled1.66W ElectricalHeaters (3) Bonded to Probe
InternalLongerons

'(
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•:.. OF POOR QUALITY

_. FIGURE3
"" RADIATORANDMLI BLANKETPERFORMANCE
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FIGURE4
SUPPORTINTERFACEANDMLZBLANKET
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FIGURE5
POST-SEPA_TIONTEST-_FE_TS OF RHUDISSIPATION

AND RADIATORTAPECOVE_GEONAVERAGEPROBETEMPE_TURE

_ _ AREA= 195 cm2_ 0o _ DESIGN BARENOSEm _ POINT

_ .]oo s__

_ -2oo.
_ _ . att
_ m

-30 ° _ ......... : ..................... ,, -_
30 32 34 36 _ _ 42

PROBE RHU DISSIPATION- _TTS

(°C)

+5o CONDITIONS /
39 WATTS / .J

la..l
e-.e,. f .j

_ _ 0° _
t,U I,_ h :

_ -s° -_
P.-_" 1

_.,-, ...... cm_,._ 36.8 /°C !
,_ .Ino

-IS° - ' ..... _ ........_ .........._-
_" 0 1O0 200 300 400 SO0 I

I
,-r""

: RADIATORGOLD TAPE ADDED - cm2 .t

=" !

._0 '_

11

.... i1 - " __ '....

. " .......:.........t"......'-_-' ........... o ,o -,

00000001-TSEO8



o

FIGURE6
POST-SEPARATIONPROBL_-_II.-TBRATIONTEMPERATURES

(39 WATTS& 195 cm2 BARENOSE)

-25 ° TESTOBSERVED_" 31W
(-24.7 °) PREDICTEDL_660 cm_ BARENOSE

(oc) /

30° CONDITIONS

39 WATTS
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20°

_ 10o ..... _-. __ ,__ ,_..

LLI .
,_ 0°

" I * I I ii I I

l_.... 150° -120° -90 ° -60 _ -30 ° 0° 30° 60°

FIGURE7
PRE-SEPARATIONPlTl_Ble-_"rSINK ANDADAPTOR

MOUNTINGINTERFACETEflPEILATURE- °C
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Ii A SURVEY OF METHODSFOR HEASURINGTIIERMALLYINDUCEDDISTORTIONSOF TEST ARTICLESUNDERGOINGSOLAR THERMALVACUUM TEST

_ R.D. Rempt

_Ii:_' MartinMarietta,Denver,Colorado
ia ABSTRACT
_,I.-.
_..'.
I_ Recent trends in space vehicle test requirementshave called for precise

il knowledgeof small thermallyinduceddistortionsexperiencedeither by vari-
• ous pointson the vehiclesor by deviationsof sur:facesfrom a known shape

during solar thermalvacuum test. Variousmethodsof gatheringsuch informa-
tion during testare presentedin this paper. State-of-the-artapplication

- of both photographicand real time observationare discussed. The relative
merits of each oF the methods are comparedand evaluatedin their applica-
tions to differenttypes of test articlesand situations. Magnitudesof
thermallyinduceddistortionswhich may be expected to be routinelymeasur-
able by the variousmethods are presentedand compared.

INTRODUCTION

In order to select the best methodsof preciselymeasuringthermally
induceddistortionsin test articlesfor variousconfigurationsand condi-
tions,a survey of the currentstate-of-the-artwas made. The survey in-
cludes investigationof the applicabilityof all reasonablemethodsof per-
formingthe measurements. Each methodis discussed,and its applicability
evaluatedwith respectto measurementtype, test artlcIetype and environ-
ment, along with the resolutionwhich can be ascribedto the particular
instruments. A matrix summarizingthe applicablechannelsof each method is
presented as a conclusion.

PHOTOGRAMMETRY

In the last decade and a hatf, nontopographfc photogrammetry has been
developed tc routinely record and measure small distortions. Cameras suit-
able for operat_)n inside of thermal vacuumchambers have been developed and
used with a good degree of success. Owing to the capability of precisely
locating a point on a developed plate with a comparator, accuracies of one
part in sixty thousandof the largestdiameterof the test articleare rou-
tinelyachievable. These, of course,are relative measurements. If absolute
measurementsare required,a suitablegauge bar is necessarywhich must be

I placed properlywithin the field of view of the cameras,and which will not
.__ change appreciablyover the temperaturerange of the test.

i The most importantimmediateapplicationof photogran_etryto thermal
vacuum testingis where knowledgeof an entire surfaceis o° _nterest. A
photographrecordsthe positionof all pointson the surface instantaneously
whether the surfaceis in thermalequilibriumor not. No other methods can

J

F
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record the changing of a flexible surface, but only the initial and final
positions when thermal equilibrium is established. Also, any line of sight
application will only give information concerning a few points rather than
the whole surface at once. It is often of interest to knowhow mucha sur-
face such as an antennamesh deviatesfrom a known preset configurationsuch
as a paraboloidof revolution. Photogrammetryprovides this knowiedgeaccu-
ratelyand routinely. Also, a permanentrecord is taken which may be recal-
led l,_terfor additionalanalysiswithouthaving to rerun an expensivetest.

The photogrammetricprocessdependson affixingof a large number of

adhesivetargetsto the surfaceof the test article. Test articleswhich i
cannot toleratesuch targetsor are not capableof being distinctlytargetted
in some other way, are generallynot measurableby photogrammetricmeans.
Presently,NASA is investigatingthe posslbilityof mensuratingtlm thermo-
reflectivetiles on the STS orbiterfor distortionafter each flight by
photogrammetricmeans.

The greatestdrawbackof this process is that the data are not available
in real time. After the plates are developed,severaldays are requiredto
measureand reduce the data. This processmust be performed by highly
trained and experiencedpersonnel,and thereforephotogrammetriccapabilities
are most easily acquiredthrougha subcontractor. If many tests are to be
made, developmentof the capabilityin-housemay be cost effective,but due
to the experiencerequiredon the learningcurve, such developmentwill not
come quickly.

DIRECTLINE-OF-SIGHTMETHODS

For purposesof this discussion,these types of measuringtechniqueswill
be confinedto direct optical line of sight establishedby instrumentation ]
sightingthrougha window in the thermalvacuum chamber. The requirementof
a window adds expense for optical flatness as well as for the thickness
requiredfor vacuumsafety. All instn_mentsemployingoptlcal llne of sight
detectmovement perpendicularto the line of sight. This requiresthat no
surfaceswhich be--nd-o¥o_ise redirectthe line of sight be used unless
their movementis independently monitored. Since the i.nstl_mentation required
to monitorthe beam bendlngapparatusis equivalentto the instrumentation I
making the measurementsof interest,it is hardly advantageousto bend the
beam unlessgeometry requiresit. Hence, the term "directline of sight". ]

This is demonstratedin figureone. !

The great advantageof direct line of sight (DLOS) is that initial
coarse alignmentmay be achievedquite easily by personneloutside the vacuum
chamber. There are two requirementsto ensuremeaningful3LOS performance.
The first is that all instrumentationmust be mountedon stable fixtures
which are not disturbedby the movementof personneland equipmentoutside
the chamber. The second is that the test articlehas distinctlyidentifiable
and preciselylocatable"targets".

For measurementswhere orientationalchangesonly are of interBst,
theodolitesmay be used. Good instrumentshave resolutionsI x 10"_ rad
for the manual types and 3 x I0"5 tad for the electronicdigital types.

5h
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The measurements are made by sighting on a suitablo_optical targpt or auto-
collimating with the theodolite on an optical mirror. One optical t,_rqet or
one mirror is necessary per rotational axis of interest.

For mea._urementsof translation of dl_.tinctpoint_ in three-dimen_;ion,]]
spacc, there _wi°__everal ways of obtaining the informatiorl. A .jigtranF.it
square mounted on a tnolirlqbar with an optical micromeLc,r may b_: Lr,_lv(.;lled
parallel to the absolute measurement of intere_,t. Iwo in,,Lrnmont5 iil(H|nl:o(| (}1t
mutually perpendicular tooling bars would l)erequired for mo.asurementin the
plane perpendicular to the DI.OS. A third instrum_mt could ho _,iqhtedpprppn..
dicular to the DLOS of tilefirst,two Lo recover infclrmatiollfrum thu remdirl-
ing axis. Such a setup would rt_quireaL least two vacuum winduw,;,iuu_itedin
planes at right angles. Since tooling bars are so large and massive, contin-
uous checks are necessary to confirm that the bazs themselves are not ,_vin9
with respect to the vacuum chamber. Resolution of a good optical micrometer
is 5 x I0"_)M.

!If sufficient field of view is available through windows, measurements
may be made by triangulation with th( ,dolites. Manual theodolites may be
used, but the calculations required with their use are cumbm'some. Digital
theodolite systems have the advantage of computer interface which facilitates .i
computation of positions of points in space once calibration is get. If a
temperature independent gauge bar is not available, a normal gauge bar may be
placed outside the chamber for purposes of calibration with no loss of accu-
racy. An important advantage of the digital theodolite is that angles _re
"read" automatically and the values transferred to the computer, relieving
the operator of reading a vernier, thus greatly decreasing his eye fatigue.

An interesting application of theodolites may be made when the angular
measurements of interest are quite small. In such a case, a lens system may
be mounted on the telescope of the theodolite to convert it to a remote
"microscope". In this instance, care must be taken to affix fine enough
marks or scratches on the test article.

The two draw backs of all DLOS applications are optical vacuum windows 1
which are quite expensive, and training of operating personnel. _

..

An application of theodolites to perform stereotriangulation mensuration I
of a test article is shown in figure two.

LASER INTERFEROMETRY

In contrast to DLOS instruments, laser interferometers are capable of
measuring CHANGE IN OPTICAL PATH LENGTH, which is parallel to the optical
path. Since the capability of counting interference f-ri-n-gesis the fundamen-
tal principal of detection, resolutions of fl'actionsof optical wavelengths

i-_- are possible. Typical re.solutionsof x/8 are routinely achievable. This
_- translates into about 8 x 10-8 M for a ilelium-Neonlaser, which is the ,lost

con_only used for applications of this type. Since change in optical
_" path is simply twi_e the actual "distortion" along that path, real time :._

., readout of _ctua] distortion values is possible. In most cases, dynamic .;
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thermal dlstortions may be continuously monitored in real time, since inter-

i ferometers may be rigged to count fringes equivalent to a distortion rate of

i several meters per minute.

i Although it is not quite a "drawback", a complication of laser inter-
.ferometry is that a separate beam.must be used..to.detRqtchange in path for
each path of interest. If rotation is of interest, since it takes place in a

i plane, at least two beams are required for measurement about only one axis.

il Also, since change along the entire path is detected, if the beam must be

"bent", the movement of the be_amb--endingapparatus must be monitored by arl
additional beam and subtracted out in order to make the measurement of inter-

est meuningful. Figure three shows a typical laser setup to measure the
distortion of a rectangular parallelapiped. All beams may be brought in
through the same window, (allowing measurement of "hidden" points), or
through different windows. If a multichannel interferometer is used, all
measurements may be simultaneously monitored in real time. The best way to
take advantage of all data is to interface with a computer and reconstruct
the motion of the test article as a whole from the path length changes de-
tected by the interferometers.

The expense of the laser head or heads and the interferometers with their
associated electronic counting equipment and computers are the only drawback
to their wholesale application for distortion measurements. If the interfero-
meters are designed properly, the vacuum windows may be of only average opti-
cal quality without affecting performance appreciably. The magnitudes of the
distortions, however, must be kept quite small, < 1 cm to prevent the beams
from being "lost" from the aperture of the retroreflectors. It would be
impractical to attempt to mer,surate a large number of points to "cover" a
whole surface due to the amount of beams required along with the sophistica-
ted monitoring equipment for each. These methods are best applicable there-
fore to structural assemblies such as trusses rather than to surfaces. Flex-
ible members cannot be measured by laser interferometers since the retro-
flectors must be rigidly mounted.

CpN  PS PN

Table one shows the various types of instruments and their respective

applicability for various types of measurements, test articles, and test

environments. In each case, the minimum _-,umberof instruments or laser beams
necessary to n_ke the measurement is stated. Greater redundancy can, in
general, increase the accuracy of an_ particular measurement. This may be

" achieved by increasing the _,_mbe_.of_ns_rume_ts, provided.e_ch..isaligne.d

a!ong an additional line Of sight or optical path. Additional cameras will
,lso increase the photogra,1_,_etricaccuracy with the same proviso.
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•
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FIG. 2

TYPI6AL 8"rEREOTRtANOULATION SETUP WITH THEODOLITES.
COMPUTER SHOWN FOR DtGITAL ELECTRONIC THEODOLITES"
GAUGE BAR MAY BE PLACED EITHER INIJIOE OA OUTSIDE
OF CHAMBER.
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FIG. 3 TYPICAL SETUP FOR LASER INTERFEROMETRIC MENSURATION
OF ONE FACE OF A RECTANGULAR PARALLELAPIPED i
MINIMUM INSTRUMENTATION IS 4 SEPARATE INTERFERO'METER -_
BEAMS, (B I-B4)t 4 RETROREFLECTORS_ (RRI-RR4) AND
TWO MIRRORS (MI_M2). THIS SETUP MENSURATES MOTION

IN THE PLANE OF THE FACE ONLY. POR MOTION '!

PERPENDICULAR TO THE FACE, ADDITIONAL BEAMS 05-08 t
WITH THEIR RESPECTIVE MIRRORS AND RETROREFLECTORS
ARE NEEDED, THESE BEAMS ALSO MENSURATE THE LOWER

"END" FACE OF THE ARTICLE . =
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_[ OPTICAL CHARACTERIZATION OF SOLAR CONCENTRATOR IIIRRORS

[;SING THE SOLAR BEAH OF THE JPL 25-FOOT SPACE SIHULATOR _

,i&

-_ Uaur|ce d. Argoud and Edwin W. DennisonJet Propulsion Laboratory

:, California Institute of Technology
Pasadena, California, 91109

ABSTRACT

The JPL 25-Foot Space Simulator ulth its 5.8-n (19-it) diameter simulated
solar beam provides an excellent facility for measuring the optical character-

istics of parabolic solar concentrator panels and gores.

The virtual source position and size were determined by using a single

lamp of the 37 xenon 30-kU source array vlth only the center Lens in tlle

19-channel optical mixer. This data was used to define the optical test !

geometry, and it allowed accurate measurement of focal length and surface

deviations of the mirror under test. A flux distribution of a typical solar
concentrator placed directly on the solar beam gives measurements of

performance at the focal point of the parabolic surface.
]
J

I NTP,ODUCTI ON !
!

Tile availability of the JPL 25-foot Space Simulator, with its 5.8-m i

|

simulated solar light beam, provides an excellent facility for measuring the i
optical characteristics of parabolic solar concentrator panels and gores. I

q

Tile JPL 25-foot Space Simulator (Figure l(a) and (b)) vas constructed for J
the purpo_-* of testing spacecraft in an environment which simulates launch and ,

interplanetary space flight. The basic ctmmber is 7.61 m (25 it) in diameter t
and 25.9 m (85 ft) high. Environmental parameters involve pressure, I

temperature, vibration, and solar illumination. The solar illumination system ]

consists of thirty-seven 30-kU xenon arc lamps focused through a 19-element [
mixing, lens onto _! 7.Ol-m (276-in) diameter mirror that produces a beam of

!
1
°

" """_e research descr'FTt, e_ in this p_l;er w_ls carried out by the Jet Propulsion ]

Laboratory, California Institute of Technology for the U.S, Department c,f t
Enerry through an agreement uith the Uational Aeronautic[: and Space i
Adntni,,;t rat ion.
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light 5.8 m (19 it) in diameter. For the solar panel tecta, one arc lamp and
the center transfer lens were used. The chamber was operated at normal room
temperature. Figure 2 shows a panel mounted in the chamber. Figure 3 is a
vie_T of the same panel mounted in the chamber and an image at the focal plane.

MEASURE_IENT PROCEDURE

JPL has been most fortunate to have the 25-foot Space Simulator available

for evaluating solar concentrator panels. It is recognized that this
facility's availability is limited. However, the techniques used in our

analysis and the problems of lllumlnatlon characterization, test geometry,

and image measurement are common to all parabolic and refracting solar
concentrators.

A key factor in developing cost-effectlve solar concentrators is the

relationship between cost, as determined by design and manufacturing

procedures, and performance requirements (e.g., receiver aperture size and

flux distribution). To establish this relationship, it is essential that
adequate techniques be found to evaluate the optical performance of

concentrator optical elements. It is important to measure the optical

characteristics in order to evaluate the panel and to predict the energy flux
distribution of an assembled solar concentrator. This prediction can be

verified by field measurements and used to evaluate tile performance of a :_
candidate thermal receiver. I

Spherical optical elements such as the panels used on the JPL Test Bed i

Concentrators** can be evaluated directly by measuring the image formed from a 4

point source of light and an image plane located at the center of curvature of

the panel. Parabolic or refroctlng optical elements are most easily analyzed 1
by the use of a collimated beam of light. Other complex illumination

techniques have been considered but have not been found practical for i_i
measurement of solar concentrator panels. I

i
The most basic characteristic of an optical element is the intensity i

distribution in an image formed from a point source of light (point spread
function). The point spread function can be used with the concentrator focal _i

[ength, the anticipated structural deflections, the specular reflectance, the ]
solar image intensity distribution, and other factors to determine the i
predicted concentrator flux distribution. The point spread function must be
measured to an accuracy which is consistent with the total concentrator
requirements. For example, there is no value in measuring the point spread
function to less than 1 mrad when the sun has a radius of 5 mrad.

t

Direct measurements of the solar image are possible, but they generally !

required large mobile structures and the availability of good sky conditions, i
Direct measurements can obscure design or manufacturing defects.

4

**Constructed by E-Systems Inc. and located at the JPL Parabolic Dish Test
Site Edt:ards Air Force Base, California.
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SIIIULATOR OPTICAL BEAH CtlARACTERIZATION 1
P" t

Under operating conditions, tile optical beam was characterized in terms

of a virtual source. The source distance was determined by using a 1.89-m I
;,!._ (74.5-in) x O.80-m (31.5-in) rectangular frame with 1.6-mm (1/16 in) diameter

: hole,;. The frame was first placed on the floor and the hole centers marked on
_, a large piece of paper. Next, tile frame was raised to approximately 3.1 m
_'" (122 in) above tire floor and then leveled and oriented with two plumb hobs as

shotm in Figure 4. Tile centers of holes as projected on the floor by tile

_: illuminating beam were then marked. The distance from the virtual source
above tile floor is given by

|..(

_- D = t!

l] /ft., ( 1)
I-'H l ,

i where D is the vertical height of the virtual source,
H i._ the upper position height of the frame,

=, IIl is the frame hole separation, and _
_. H2 is the projected hole separation.

y?
_ The pos[:ton on the chamber floor of the w?rttcal projection of tile

virtual source was determined from the intersection of the lines drawn through .:_the corresponding upper and lower hole marks. The angular size of the virtual
source was measured with a lens having a 1.52-u (60-in) focal length. The

final results gave a virtual source size of 0.9 tarad at a distance of 410 m
(1345 it) above tile chamber floor centered over a point 58 cm (23 in) east and

, 25 ct_ (10 in) north of the chamber center. The practical results of this

il characterization are that the source can be assumed to be a point source for
slope errors greater than 1 mrad. The finite virtual source distance above

!} the charaber floor requires a small modification of tile test geometry.

,)

-_ Testing parabolic mirrors in the 25-foot Space Simulator is a cumbersome
"....7_

i problem becatt,,le an assembled parabolic solar concentrator panel has three

degrees of treedora for positioning with respect to the image measurement
(focal) piano. Typically these are tile axial distance of one panel edge to
the focal pltllle and tilL' inner and outer radial distance from the optical

axis. Unless these degrees of freedom are reduced, the point spread functionfaust be determined as a function of three independent parameters.

The procedure fan be accomplished efficiently if the panel designer has
est,lbltshed and specified the focal length _lnd tl_ relationship between the

mounting d;itum points and tile reflecting surface. In addition, the panel taust
have the dt, gigfl rddtal distance to tile inner edge. These data are the r_lnimun

__:_. rt, quired for accurate panel ctmracterlzation; the lack of these data will
, };enel'_llIy resttlt Ill larRe tlncertdintte,_ tl_ the MCdgl|Pt, mtqits and data

[nterl_rt, tation.

.................: .......... .;,m=_..__,,,,,..... L _..:JL_ .... ,-_ ---:_:_t"'_---77_::..':..::i_::. ::.7.::_:'_.:i!::':'":::.,('.._-_,,•_:'_7_.C':_::.!.,,,_.7._,_::. "__._ -.......•"_ , °......................... :'::'#............. --" :u..fff...:_:'.'::::.:::--.:_!:::-:::_::ii- '.'=.!!=_-';..:.:±{_-:..p::-_-:_...::.::=..".._..... G:: .:::%....:...'.-:;::.:.:..:::;:,:::::
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The first _tep in inplenentlng tile panel test geometry is to establish a
reference plane _hleh contains the optical axis, the virtual source (on the
optical axis), and tile centerline of the panel under test. for our tests, we

used a plumb line and a theodolite which uere adjusted to be co-planer with
the virtual source. This reference plane is shoun in Figure 5. Dimensions D,

: 1!1, Ctt, V2, Vo, Vl, and V2 are measured, !11 Is catculated_ and the panel
positioned as indicated. V0 and V 1 may be adjusted for image alignment.
Tim remaining dimensions ere calculated.

i

The lnage intensity distribution should be v.,easured in tile design focal
ptane, tteasurements may also he .made in t_so other focal planes; that which

" has the smallest image and that which has its image closest to the optical

axis. For images with centroids not in the optical axis, the predicted
concentrator flux distribution _aust be based on both the point spread function

and the radial distance of the image centroid from the optical axis.

For adjustable panels, one degree of freedom can be removed by measuring
tile chord distance between the inner and outer panel center points. The -

second degree of freedom can be removed by locating the inner edge center
point at the specified radial distance from the opticat axis. _his leaves the
difference bet_:een the inner and outer edge center points in the axial direction

(Z 0 - Z 1) and the focal length as dependent parameters. The panel should be
rotated around the inner/outer edge centerline to locate the image on the

optical axis. If the outer edge of the panel is adjusted as specified and the
. image is on the optical axis at the design focal plane, the image intensity

distr_butfon can be measured in this plane and the point spread function
deterratned. If the image is not at the optical axis intersection of the focal

plane, then either the focal plane or the outer panel edge can be adjusted. A
further possibility is to adjust the focal plane and the outer edge of the I

J

panel to give the best image, i

For atl of these adjustments_ the inner edge of the panel must remain at t
the design point, and the panel faust be rotated to pace tt_e image on the
Optical axis. The best configuration can be selected on tim basis of the ,_
receiver aperture plane adjustment range_ and the concentrator flux
distribution requirements. In all cases, the test results will give a focal

distance, the panel mounting requirements, and the point spread function, i

t

i
tlEASUREHENT PROCEDURES t

J

Four different image r_easurement techniques have been used to 7

quantitatively interpret tile images. The first three techniques are used to

derive numerical data for quantitatively representing the point spread i
function. A fourttl technique is a powerful diagnostic tool for determining t

the ctmracteristics and source of surface irregularities. For all image t
measurements, the image is measured in a plane which is orthogonal to the
optical axis, 4

- 1

J

I
I
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Using the first technique, a uhlte screen ts placed in the focal planet
.and the image is photographed ulth a sheet film camera. Part of the film is

left unexposed to permit a sensltometric calibration. Tile film Is scanned in
the JPL imaging, processing laboratory, and the intensity distribution of the
image is determined. An image center is selected, and the total intensity
_Hthin a series of circular zones is computed. This technique has the
adwmtap.e of giving extremely high spaelal resolution, but it ia subject to
the photometric limitations of the photographic process.

With the second technique, the intensity distribution data are obtained

by using a silicon diode which is mechanically scanned over the image (Figure
6). These data are then numerically integrated to give the total intensity
within circular zones. This technique gives accurate intensity data_ but it
is limited in spatial resolution.

The third approach uses a lens located near the focal plant to form an
image of the aperture l..mel under test onto a white screen in an enclosure. A
photocell measures the total light in the panel aperture image. A series of
successively larger aperture or circular masks is placed over the lmag( and
the total intensity within a circular zone Is measured directly, This
technique gives accurate intensity information but no data about the form o£
the image. This approach has been used very successfully for characterizing
the test bed concentrator (TBC) spherical facets, but has not as yet been used
in the space simulator. This approach may prove to be very effective in
controlling the quality of large volume manufacturing of solar concentrator
pane i s •

To diagnose solar panels imperfections, the image of the panel aperture
is ferried by a lens near a focal plane onto a screen and is photographed
(Figures 7 _nd 8). The image can be covered by circular apertures, disks, or

annular slots. The photographs show the omount of image error resulting from
each area of the panel, For example, if _L..dlsk of 2-mrad diameter Is placed
in the il_age plane over the image center, the photograph wilt sho_-t _thieh parts
of the panel have errors greater titan plus or t,ainus I farad. Host of the
panels which have been analyzed to date indicate that the itaagt errors are the
result of large-scale irregularities in the panel generating too'_.

Figure 9 shows typical photographs nade with this technique. These

photographs are for three different panels. The top ro_ of photographs ;ire
the focal plane images, and the remaining photographs are the aperture
images. The first is with no focal phme aperture and the remaining; aperture

images are made _lth successively larger annular slots centered on the focal
plane image. The bettors roy of photographs were made with a p.mel t:hich has a
separation between the reflecting glass surface and the cellulcr glass
substrate. Figure 10 sho_ts typical results on a reflector panel using various
apertures at the focal plane.

:: ]

.,!'
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DATA ANALYSIS

_," The obJt.ctive of the data analysis program is to apply nn alogrithm which
['7 will give a mathematical representation of the measured data. The parametor_

....... of thin representation should _itve both a direct measure of the image quality
and provide a basis for predicting the flux distribution of tim concentrator,
For our initial approach to this problem, _e have chosen to represent the data

._ by an intercept factor curve. Thin curve gives the fraction of the total
_,. energy included within a circular aperture.

_ The equation _:hteh give_ a satisfactory repreucntatiun o/ the l_tercept

_. factor curves is of the form

L::o:j
where @is the intercept factor,

r is the aperture receiver radius,

_' _0 is the outer standard elevation,-?

qI is the inner standard deviation, and

i A is the amplitude of the inner component.-3 This equation assumes the image intensity distribution is represented by the
sum of two Gausslan distributions. The procedure for determining the

parameters, _0, _I, and A is based on first fitting the outer points to a

Gausslan curve and second fitting a second Gaussian curve to the difference

_ h_tween the inner measured points and the calculated values of the outer
-_: curve. For comparison, a single Causslan curve was also used to fit the

_. measured data. In all cases, the par:_neters were determined using linear
regression analysis.

Table 1 shows the derived parameters for a single and double Caussian fit
of the data taken xJith both silvered glas_ on cellular glass and reflecting
fil_ on molded plastic panels. Figure 11 t;hows the plots of these data.

The purpose of this data analysis procedure, as stated above, _as to find
a conve_ient mathematical representation of the data. The execelLenL fit of
the data to t.he doubl_ Gaussian curve suggests that uost of the panel errors

If'; may arise from t,,o distinct souces and that these errors are random in

character. The sources of these errors t_ave not been determined. These data

have been used to estir_ate the performance of concentrators u_JA_g these panel_.

.of _ ,

d
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TABLE I. CURVE FIT DERIVED PARAMETERS

C,_:!UhS! ..in F l

Reflector type Single b_uhte :

o OO 01 A ]

Glass 1.7 cm 1.9 cm 0.86 cm

(O.67 in) (0.75 in) (0.34 in) 0.49

Plastic 6.6 cm 8.b cm 3.38
(2.60 in) (3.40 in) (1.33) 0.77

CONCLUSION i
I

Optical tenting of parabolic rLflecting panels is a key part of I
developing cost-effcctlve solar conc,,ntrators and the JPL 25-foot Space

Simulator is an excellent facility for this task. The illuminating beam was

characterized in terms uf virtual source distance, angular size, and vertical
projection point on the chamber floor, and the illumlnatin 8 beam does not have

a signfttcant e_feet on slope error measurement greater than t mrad. A
procedure for positioning the panel and focal measurement plane _as developed

and used for image measurement. The data were reduced to a table of total
J

intensity and measured intercept factor as a function of radial distance £rom

the image center. Fitting these data to a Gaussian curve by means of a
least-squares linear regression appears to be satisfactory. This mathematical 1

representation was used to calculate the expected performance of a parabolic i
dish concentrator. I

The test facility is also ideal for testing large concentrator panels

because it provides a high quality collimated beam of light for measuring the
optical characteristics of parabolic solar concentrator panels and gores.

++++. ++++ ..... . +........ , +
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Figure 7. Panel Error Diagnostic Configuration with Annulus at Focal Plane
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Figure 8. Panel Error Di_lgnostic Configuration with Focal Plane Aperture
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SIMPLIFIED MI.I PUMPD()WN CALCULATION APPR()A('II

R, (;. Bellini
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I);mht.lry, ('lulncciiculOLd810

AIiSTRAL"J

_: During; launch,-r simillal_.,I immch, o£ _lul_'cvchk'lL..__i,,il ;l_NASA.,
Sl_i_ic¢ T_'lc's¢OlW,pFI'NSUr_'within Muliihiycr llliuzkvt iMI.I)lllil,,i!
01.'clly I'ri)lll I11111il.%lillL'rii:to illillJllllllll l'll_:t'l iic ltlit'r{iliOnill ( l I) 5 llllT)
I_'v_'l._rlillidly0 Io llrcvt'iit ex¢l'._5ivc' c'ooliiig llf ilisulali_d hliillwarl, tlur o

inl vi_iililil liiil_, rills t,vliL,lillliiili Fdlt' i._a I'lill_liOil iJl' aiiibii:lii tir¢_-

,,;urt, dc'L'll.l,' raiL', Iliinih_'r ill" _llil'ld.%, C'lichist, d v¢ilulnc,, vcnlililZ _l't','l,

initial t¢lnp_ri_tur¢, Iralipt_l fil,_, aild outgasSillg rafT. A _ilnl)lilil_d

: cl_mpuli_i shiiulalioil ihui t'slililat_s blankL't intc'rnal pix,_tire durhig
an iSC'litropic t,va_'uatit)n a._a fUlletion tif lily above valiabi_ i._ pre-

sented, lllalt'li "_allit '_dll:llun._aft' l,'l)lllllllFi_d Io t_sl daia rrolll varlou.s
.%olir_:c,! to _'onfirln tile' rc'a.SOllliblC'lli:SS of this al)proach.

_3

. :: ,, .......................... r nnnnnn _T'l'



.,. O0000001-TSGI3



Nlt('LI;AI_ IIAI,tl}I:NINt; TI._TIN(; t}l" I_APGI: _QAL!I _ATI]LLITI";

jcdln %ajQ,.-,lll.1N,,ii_. Shill,. aj,I -l,jllt Wilt,.,

_ _t'lli.'l;d I I,;,.'1 Ilc t tjlilll;lll _

IJhiltidell}lll;I. I'LIIli'A k;llIM I*_lOI

AIt.g114At I

l ii_, I},_t '5; III N;ilellllt l'_ ;t llill'd J't'lil_l,;liilll ',;ll,'lhl,= d,',,,,J.',l I,, t""

viih: t-,,tllillilllilt',illilllF, Ira" Ihe Ili'll;ll-llilt'iil ill Ih'll It',t" 11 I', ;I ,'_11, ltl_ i

cummunicatiun_ channt:t_ anti a _ing!_ gha_;l;!_|t_l'_!i_g|x2!!t_r wbh'h
ei-lmmiiilicall._ wiih :ill ltlll ellllllqJl'l.I lillt't' t'!.elllelll_ I I,lall_",, ',_hip'_,.

eL_;.I. 11. l_il._ a d¢'..lg. |iliz -1 |U _¢.I:.- 1 Ilia. p;lt'lel" _ill ,I,,,,_iif,,, i I,.
_ll)lq_i;Ik'llen ;lll;I il!_|!'ll!l!t,'!!|;||ltll| 'IL'CL'_LILy [1__l_bl. l.il_ LI.%{. _', 111
_iluttit_ .allied "_t AR-%_t" h. the I,ttt|.t._ ,.feviiht:tf lily tlw elf:tin
on Nuclear radiation on various subsystem,.:. P. was in[_T._l_l mti,
the "HURON KIN(;" underground Nuclear T¢_ >1_, ,l_t,red I,_ , h_,
i tepartment of l_ek,ns_:.

The experiment configuration w_. ¢ompo._ of a nuclear devkx _
but'led ll_i0 1"¢¢tuitd¢t-tiouild, ii _¢r;ical lin_'_,f gi._lii l Vl.OS) l,iix" t-
tht' sul'faee, a _rlllelil, iiiid _i_'ilc'liiitii tillik whk'h h_'tdtht" _t_'ttitv,

"Hie 250 ton ,_teeltattk provided ft i;tt'ilttlii Of _ X |(_1-4 tort, i
1Ih_' satellite wa_I;iOilitored al IlK' lime of Ihc ddoliaiimi b_,440

tl,sclllosc'tq_es, q2 direct record _lllll 24x I M tape'clial_ncls. 1/

iastrumentation of the satellite for the purpose of monitoring effecLg ' ;i
during, the Ntielear kvem inetud_t Pin _'oltage._. core currei_lg, pill :._
ciiri_llli, shk'ld curreiits. B Dot ,_'7_'llbtll_, | t)ol ,_etl-_ws, etc, ]

N7

:. - .'- .' . " ,-, " ,, ";-,, . ; "-_.., - .,.,,u,_ .c_,+ ._, , /;., , _.,.' . -..,-_._--_,-L-_._-_..,:[-..-,:-'?",! ' .:.... ...,,"tzi# ' "....... , -, ,_7..,,, " " , t; , . ,. _ ....

:-'-'"_:-#'.?_"'."=.'_(P,-':s_._;:,'--.-. " ' " "_,_.-.;_..-..--;.;...... h_.:., o, .-...;<-:,._..... : ,.. _ -, ,.,,;:_: , :- ,_,_ ,..,.,, , . ,.., -- ,, . I-r :,:,, ,-,- ,..,..,.,..-,_. ,_:.:.- . ..... , - u , ,,,,.., .,..x ,.
,_.... , -.. ' ._i,; .... ,., _; _._,_i: ./,-_ . _,,,_'" ,.... , ..,.-,.. ,.._, ,....... . , ,_, ,. , ,, :y .,t) ....... . .., ,...... ..>, ; . , ,,,_........ , o ::.. ,,,,', ....... 't....._'-'... '_...

00000001-TSG14



CRYOPUMP FOR LARGE PULSES OF HYDROGEN*

B. C. Moore, R. G. Camarlllo, and J. T. Morrow

: McDonnell Douglas Astronautics Company

:_ INTRODUCTION

A test in_olving a flow of hot hydrazine decomposition products at a rate
: of 13.6 g/s (0.03 lb/s) established the requirement to maintain pressure in

the M_Donnell Douglas Ast_onautics Company (MDAC) 11.9-m-(39 _t) diameter 1
space chamber below 200 _m. The flow, 2/3 hydrogen and 1/3 nitrogen by volume,
continued for several periods ranging from 3 to 15 mln. The pressure require-
ment was necessary to minimize thermal effects of the gas on the test vehicle
but was well beyond the capability of the existing facility pumps. Various
methods of obtaining additional temporary pump capacity were considered (see
:able I). From these, the slugged-charcoa] approach was selected as the
quickest and least expensive method to implement.

! 1;-.

CRYOPUMP -- PRELIMINARY DESIGN

GENERAL CONCEPT
i

The operational concept of the cryopump is based on heat transfer from !

the gas exhaust to a bed of charcoal mixed with lead wool. The hot gas _

exhaust is partially cooled by LN 2 surfaces to some unknown temperature. The _
gas falls on the 20 K charcoal and is sorbed, giving up both thermal energy

and the heat of adsorption, l_ii1
Because this heat warms the chnrcoal, a mass of lead wool is needed to

limit the rise in temperature. The hydrogen, gas itself carries the heat from
the charcoal to the lead.

CHARCOAL QUANTITY REQUIRED

• The volume of hydrogen sorbed by charcoal before the equilibrium pressure
:_- reaches 200 _m varies sharply wit_ the charcoal temperature (References 1 and

.... 2), as shown in Figure I, Also shown is a design point; 453 kg (1000 ib) cf

_. , charcoal would sorb the hldrogen in a 5-min run, assuming 12,5 cm3 hydrogen
i._'. i [standard temperature and pressure (STP)] per gram of charcoal and provided

the temperature remains under 65 K. (This calculation is idealized; it
assumes the charcoal has the same temperature throughout the bed and ignores

! _ , the nitrogen component of the gas.)

_.

't f

i":'..: *Part of this work was funded by the US Army, Ballistic Missile Defense Sy:..a.m

-it Conuuand, Uuntsville.
f
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MASS OF LEAD REQUIRED
/

The energy required to raise the temperature of lead from 20 K, the
• temperature of the _acillty cryopump, to 50 K. which Is well within tile maxl-
. mum allowable temperature, ls 2.53 J/g. (To raise the temperature Co 60 K

requires 3.58 J/g.) (Reference 3.)

'ii
i The heat of adsorption of hydrogen on charcoal varies with the quantity

":_ prevlously adsorbed. At 20 cm3 STP, the heat of adsorption is estimated at
"" 2000 cal/mol, while at 200 cm3 STP Xt drops to I000 cal/mol (Reference 1). It

I:' continues to drop toward the heat of liquefaction (271 cal/mol) with Increas-
'_ ing amounts. The 5-mln hydrazlne run would generate, Inltially:

: __ 2000 cal J0.85 mol x 300 s x x 4.19 -- = 2.14 x 106 Js mol ca1

This heat would raise 907 kg (2000 Ib) of lead from 20 K to 50 K.

This estimate can be refined to allow for the contlnuedflow of heat to

.. the refrigerator, for nitrogen condensation, and for cooling the gas. A lead

mass of 907 kg (2000 lb) was used in the test setup.

HEAT TRANSFER - CHARCOAl. TO LEAD

The ton of lead is made up of 1609 km (1000 mi_ of strandsa 0,025 cm
(0o01 in.) in diameter, Its surface area is 1300 m_ (14,000 ft_), a square
36.6 m (120 ft) on a side. Even with molecular flow conditions, the hydrogen
gas should hold the charcoal within 1 K of the surrounding lead wool. Details

are given in the Appendix .... : ?

TEST OF SMALL SECTION OF CRYOPUNP

A model test was conducted on a section that was 2.18Z of the cryopump
area but of full thickness. The test section was 99 cm (39 in.) by 29 cm
(11.6 in.), as shown in Figures 2, 3, and 4. It was filled with 7 kg (15.5

Ib) of charcoal and 14 kg (31 Ib) of lead wool (all as bought, without pre- i
conditioning). A flow tube was calibrated for I cfm flow of room temperature
hydrogen-ni_.rogen gas mixture (2 parLs H2 to i part N2). With this flow, the
pressure rise would be 0.71 of the full-scale test.

The cryopump was cooled to 48 K (top), 22 K (center), and 19 K (bottom).
Gas ,ulses were admitted, and the resulting pressure transients were recorded

:" as shown in Figures 5 through 8. As shown, the speed of the pump decayed

_. steadily wlth time as the charcoal warmed up.

i_'i From this test it was concluded tha_'

• 1. Pressures in the full-scale test would be less than 200 um for a ; .
3-min flow. " :
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00000002-TSA04



2. More than one 3-min flow test could be run before wsrmup and

purging of the cryopump.
?

3. Vacuum bake of the charcoal was not required.

4. Lengthy cooldown of the cryopump could be expected.

_" FULL-SCALE CRYOPUMP _2¢D OPERATIONS

The c_/opump was built as shown in Figures 9 through 11. It is approxi-
• mately 3.7 m (12 ft) by 3.7 m (12 ft) by 15 cm (6 in.) deep. Cooling tubes

were soldered to a copper base, spaced 30 cm (12 in.) apart, and vertical
copper fins were placed every 30 cm (12 in.) to speed the cooldown. The pump
was filled with 453 kg (1000 lb) of charcoal (4 x 5 mesh at $1.7§/lb) mixed

. with 907 ks (2000 lb) of lead wool ($0.75/lb). The mix was then compressed
to a depth of 7.6 cm (3 in.). The top and aides of the bed were shielded with
aluminized mylar to help cooldown. The bottom was shielded by a liqu£d-
nitrogen-cooled panel 5.8 m (19 ft) in diameter. The charcoal and lead wool

were mixed together and placed in the bed as received, with no cleaning or
bakeout treatment.

Temperature histories of the bed are shown in Figures 12 through lS. The
.. bottom of the bed was below 20 K at the start of all tests. The center and

top of the bed were considerably warmer but continued to cool throughout the
test period.

%,

Pressure during all tests stayed balow 200 _m as shown in Table II. A
typical pressure transient is shown in Figure 16.

Cryopump performance improved steadily throughout the test period; both
temperature and pressure peaks became smaller. This improvement is consistent
with both a continued slow reduction in bed temperature and with a reduction
in the heat of adsorption as hydrogen is sorbed.

SUHI_RY

_ ... The slugged-charcoal approach to supplementing the cryopump capacity was
t. a successful method of maintaining pressure in the MD&C space chamber below

200 _m during hydrazine tests of 3- to 12-min duration. Vacuum bake pr.con-
I, ditioning of the charcoal and surrounding lead wool was not required, and

nine tests were completed without any warmup and purge cycle. Cryopt,_p per-
":°- formance improved steadily: pressures and temperatures in the later tests were
.' I over. _

!. Although temperatures in the cryopump bed were not uniform (varying from

20 K at the cooled surfaces to 55 K at the top center of the bed), they never
exceeded 65 K. Cooldown ti_s were lengthy, but these could be reduced by the
use of additional fins.

9t i
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. Appendix

HEAT TRANSFER BETWEEN CHARCOALAND LEAD WOOL

ii!.i "--i -"-- What AT exists between charcoal and lead at a heat load of 8540 W?

,- ...... (Assuming all H2 and i/5 of N2 condenses)

?. - Assume lO-_m pressure

l:"i - Assume molecular flow (AT for viscous flow is smaller)

" (273.2
_" " E = a A P _T--_---/ • (Ts - Ti) (Reference 4)

1,

' where:

iE = W/cm2 a = accommodation coefficient +
4

= 0.3 assumed vs 0.35 for polished surface +

+0,5 - 0.7 for black surface i ii

P = Pressure = I0 _m l
U

T = Surface temperature = 20 K i
s

T = Gas temperature = 21 K

A = 60.72 x 10-6 for H2 "i+

E = 6.73 x i0-4 W/cm 2, at 1 K AT

Lead Area:
.)

Lead wool strands - 0.24 mm to 0.25 mm (0.0095 to 0.01 in.)dla _

• (measured) 'i

+," +' 0 = 11.34 g +

1_2 Wire length = 1.66 x 10 8 cm

Q

Wire area ,, 1.3 x 107 cm2 !

E x A = 6.73 x 10 "4 x 1.3 x 107 = 8700 W

"' .'.AT < I K '+++
, f., - f ':

1
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Table I. METHODS TO PUMP HYDRAZINE EXHAUST

Method Features

Blowers Large machines, expenslve, and long delay

Steam ejectors (6-stage) Large machines, expensive, and long delay

t),_, N2 ejector (multistage) Large machine, requires development

--. Ltquzd helium Costly use of cryogen

.,. Remove diffusion pump baffles Increases pump speed but still required

:. blowers

Titanium sublimation Need to deposit 72.6 kg (160 lb) in 5 min

Zr-A1 getter strips 18 km (60,000 ft) of getter strip
required

Charcoal at 20 K Need 8-kW refrigerator vs 1.5-kW
available

Slugged charcoal 453 kg (i000 ib) of charcoal, kept cold b
907 kg (2000 lb) of lead wool

Molecular sieve in place of Charcoal has greater speed and higher
charcoal equilibrlum capaclty i

'. ,ji

#
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EDUCATIONAND TRAININGOF PERSONNELIN
:, SPACE SIMULATION

_:: R. ft.Rempt !,
F__. Martin Marietta
'.t Denver,Colorado _

ABSTRACT

• The unique requirementsdemanded in necessaryacademicdisciplinesand

: practicalexperiencefor personnelin space simulation,force most facilities i
to developsome sort of trainingprogramfor their personnel. This paper :
reportson the trainingprogramand proceduresdeveloped and implementedat
the space simulationlaboratoryat Martin MariettaAerospace in Denver. The !
trainingof techniciansand professionalsas well as preparationfor instruc-
tors is covered. Trainingmanualsand their compilationare reportedas
applicableto the specificneeds of the laboratory. The developmentof a ._
space simulationcourse as part of the MartinMarietta ContinuingEducation i
Night Schoolapproachingspace simulationfrom an academicviewpointis i
presented. Finally,public relationstours of the facilityas an information- !
al/educationaltool are discussed.

INTRODUCTION

A paper concerninga topic such as personneltrainingat a specific _
: facility is probablybest approachedfrom a rathernarrativeposture. For :

this reason,there will be some departurefrom the use of the passivevoice
as is the norm for technicalpapers. The developmentof the variousphases i
of the trainingprogramat SSL will be presentedmore or less historically. 4

I

•" SPACESIMULATIONAT MARTIN MARIETTA i: °"

"" The space simulationfacilltyat Martin Marietta is a service laboratory I
: • whose purpose is to provide space environmentsfor testingof various in-house
_; programs,and for outside uses as well. For this reason,the operationof

equipmentand the interfacebetweenlaboratorypersonneland the "customers"
":." (whetherin-houseor not) have become the two most importantareas of perfor-

. _ mancefor personnel.

:. , The laboratoryconductsmany tests every year for a multitudeof differ-
ent types and sizes of programs. Often there are severaltests running

, simultaneouslywith severalmore being plannedor designed,includingrequired
i fabricationfor fixturlngand supporthardwareunderway in the laboratory

:_ . shop. To furtherintensifythe situation,most tests run around the clock
:_ and requireattentionof personnel. Tests of classifiedprogramsrequire
• that laboratorypersonnelpossessthe necessarysecurityclearancesto support
iE the test. A11 of these factors,coupledwith the uniqueareas of academic
!

!
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: expertise called for by space simulation, require car_ and dedication in the
c... training program.

,_ Functionally, the laboratory is divided into three qroups, lh_se aro
",_ the test operations group, the to_t proqrams group, and the laboratory enqine- i

erlng group. The enqineerinq qrGup essent|al'lyfunctions |fia supporting
capaclty to the other two and as a re,;ult,the traininq pv.oqramis not appli-
cable to this group to the same degre,:as to the other two, which have much

...... more direct 'interactionwith t,leprogram p_-sonnel before arlddurinq each

•5. test. _ .:.;

TEST OPERATIONS GROUP

; This group is primarily responsible for operating the environmental
equipment in the laboratory. It is the group which is ahnost continually

_ required to work in shifts around the clock, and to keep program personnel
..... informed of test status. Most of the twelve to fifteen people in this group

are technicians with either a two-year associate degree or less in formal
>" education. The training needs of'the personnel _n this group are in operation
'. and maintenance of specific laboratory hardware, as well as in understanding
-,. HOW the equipment works.

TEST PROGRAMS GROUP ....

_. This group is responsible for _aterfacing with program personnel from '_
the start to the finish of each test. They must understand the program ob-
jectives and requirements, a_d ilowthe labcratory capabilities may be of

"" service in meeting them in a cost effective way. They are mostly engineers
with college degrees. Their needs in training are to be able to explain to
the programs our capabilities and the alternative methods of producing the 4
environments called for by the various program tests. Fundanu_ntalvacuum .
.theory and procedure, as well as basic heat transfer concepts and knowledge :
of the electromagnetic spectrum in the space environment, are specific areas

I _ withwhich they must be familiar. Some.updating On certain aspects of instru-
mentation and recording devices is also necessary for their interface with ..

i" test programs who usually know what they want, but are not always sure of how_ .. to go about getting it, and most always are,z,otaware of the difficulties

• imposed by hostile environments such as hard v_cuum. Understanding and
I.- ability to EXPLAIN such things are most essential for personnel in this group.

_," TRAINING PROGRAM DEVELOPMENT

The training program for personnel at the space simulation facility has
been developed essentially out of need. As it became increasingly clear what
was needed, short courses, manuals, and academic courses were _evelop_d to

Ii_ augment the on-the-job training that personnel were receiving.

_._" When I came onboard, the director of the laboratory wanted to acquaint

4 me with the entire facility as well as develop a training _ourse and manual
) for the technicians in the lab. He felt that the most efficient v,ay to do
i' : both was to ask me to prepare the course. I then acquainted myself with the
._.... equipment ;,; the laboratory by studying operating procedures and instruction

_,k

. 1i4

- i _
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manuals and put together a short course for the technicians. A training
manual was written from which the cotlrse was taught. The manual was arranged
in a modular fashion, which allowed the application and/or operation of
specificsubjectareas Immedlatelyafter the discussionof each. There was
first a discussionof a topic such as vacuum technology,followedby an
immediateapplicationsuch as how to operatethe smallerchambers. Next
came a discussionof basic solar simulatlon,followedby the operationof the

I'- immediatechamberwith its associatedsolar simulators. Finally,there was a
d_scussionof basic cryopumpingfo'slowedby the operationof the large space
chamber. In each case, the subjectarea was followedby a detaileddescrip-
tion of a specificpiece of laboratoryhardwareto which the subjectarea

: directlyapplied,as well as a discussionof the actual operatingprocedure.

= Incorpo-atedin the coursewas also a reviewof applicablearithmetic
for the benefitof shop personnel. This includedadditionand subtractionof
signednumbers,simple temperatureconversionformulas,and most important,
proficiencyworkingwith powersof ten notation.

The co_rse was given over a two-weekperiod for an hour per day. The
shift work.of the personnelrequtred some advanced planning to allow them all
to attend,and sometimesthere had to be two sessionsdue to the demands of
the test programsduring those two weeks.

My approachin teachingthe course was to encourageall questionsfrom
the technicians. This was somewhatof a risk owing to the diversityof for- •
mal trainingrepresented. But after the first two sessions,they saw thatany
questionwhich is asked sincerelywas neitherwrong nor stupid,and they
startedto open up and "fire away".

Trainingfor the test programspersonnelcame about in a differentway.
Martin Mariettahas a night school programthe size of a small college,with
betweenthree and four thousandregistrants. I was asked if I thoughtthere
was a course I might like to teach. After giving it some thought,I felt
that a space simulationcourse approachedfrom an academic standpointmight
have some appeal. I did not try to recruitpersonnelfrom the laboratory,
and the first semesteronly one person from the lab took the course. The
second semester,all of the test programsgroup except one were waiting to
take the course. They wanted to upgradetheir abilityto interfacewith the
variousprogramsconcerningspace simulation. Since vacuum technologyand
solar simulationare normallynot taughtat the universities,the course
providedthem with those needed academicdisciplines.

As presented,this coursecovered the space environment,vacuum techno-
logy, solar simulation,test philosophyand the space chamberat Martin
Marietta. A thermalvacuum test of a major progw.amwas covered,wlth the
thermaldata comparedto the flight data receivedon mission. All in all,
the course was fairly successfulas demonstratedby the enthusiasmof the

_/. studentsat the end of the semester. The course was concludedwith a tour
;,. of the space simulationlaboratorycond,ctedby myself. To me, it was most

°_ gratifyingto observe the interestin the course demonstratedby the test
_._:_j programsgroup as well as employeesfrom Other areas at Martin Marietta.

°t
I15 t
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Text materials for the course included manydifferent "handouts", as i
well as several chapters of "Handbook of Solar Simulation for Themal Vacuum
Testing", which was comptled through the IES and distributed compliments of i
Spectrolabj ]nc. There were several handouts from current Journals demon-
stratt6g-oheor another aspect being covered in the course.

Assignments were given, and questions were encouraged. Where helpful,
: basic physics was quickly reviewed. Two examswere given tn which the per- i
i formance of the students was on the whole, acceptable. There was a good

amount of interaction between myself and the students. Someuse was made of _
vtsual aids, and some hardware was passed around in class for students to
inspect more closely.

RESULTS

For myself, as the instructor and developer of the training program,
there were two important factors. First was the situation which more or less
forced me to acquaint myself with the lab, its equipment, and its capabili-
ties well enouoh to explain tt to others. I am convinced that a person
understands something when they can explain it to others. This necessarily
affects the ability of engineers in the test programs group to effectively
interface with the various program personnel.

The second factor was more in the categow of conclusions drawn about
• humannature especially as it applies to teaching and/or training, and the

"learning curve". These will be mentioned in the next section.

The recent expansion of Harttn Marietta resulted in several new person-
nel in thespace simulation lab As they heard from the older employees
about the training course, they began requesting that it be taught again.
This reflects both the posttJve response of those that took the course as well
as the recognized need for training in the newer employees. An expression
for more training is a healthy attitude from personnel. •

The training course paved the way to foster meaningful tnterartlon
between myself and most of the personnel in the lab. They started to come to
my office with questions about their work. In a certain sense, they saw me
as a resource from which they could benefit.

_' A natural byproduct of developing the training course was the capability
)- to give tours of the facility. The space simulation laboratow wtth tts

large space chamber is a prime "attraction" for dignitaries and executive i
i type visitors and customers. G|ving these tours provides opportunity to ,

continually "polish" both understanding and more important, the presentation.
A good presentation during a tour, whether it be 15 minutes or two hours,
gives a professional Impression of the whole facility. This ts often very

:_: important ,hen those being given the tours are prospective customers.

°_ CONCLUSIONS
).

i ! There are a number of interesting and important things I have ieaenedas
_..! a _esult of my t_aintng efforts in space simulation. The first ts that
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personnel tn general want training more than their supervisors would think.
Thts is especially true _or those at the lower levels. After somettme spent

Z. on the job wtth "handson" training, they are helped by and havea naturally
increasing interest in learning the application of their efforts. If thts

_ interest ts not respondedto by their supervisors, somethingts lost that ts
verydlfflcultto regain.

_. The secondis thatany responsibleattemptto trainpersonnelIs better

_!_ than Thosedoing willmostcertainlylearnin the
no attempt. training pro-

cessand see howto better their course content, presentation, and inter-

actionwiththeirstudents.Providingfor the learningof employeesgives (: rise to a c@rtatn amountof grace on the part of the employeestowards their ;
instructors. If no such provision ts made, employeestend to be less under-

-_ standing with their supervisors and an adversartal type of relationship has
_ a much higherprobabilityof evolving.

Flnaliy,whenmanagementprovidestrainingopportunity,the personnel
feellikesomethingis beingdonefor themratherthanonlythatsomethingis

_' beingexpectedfromthem. Thls lea--d'_to an appreciativeattitudeas wellas
a solicitationof furthertraining.Whenmanagementtakesthe initiativeto

/ train, the embarrassmentoften experienced by personnel in requesting
. training is avoided.

i
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SPACE SIMULATION TEST TECHNOLOGY _'
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S. Liu, TRW Space Systems
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A MICROPROCESSOR-BASED, MULTI-ZONETHERMALCONTROLLER

<.. W.F. Petrie

'_-- Perkin-ElmerCorporation
,_ Danbury, Connecticut06810
t;.

•_'; ABSTRACT

q Many Thern_aliIVacoumtests require multi-zoned thermal control
: : usingelectric heaters. Usually this mntml is provided by individual

controllers for each thermal zone. Even with IM_.hlysimplified,
"on-off" contrc.llers,this can still be costly when many control zones
are required. Moreover, use of this type of controller will often
requirea sacrifice of some accuracyin mntroL A system that can
providehighly accuratethermal control for a la_e number of zones
with a relatively simple, inexpensive controller hasbeen developed
based on microprocessorcontrol. As temperaturedata for the indi-
vidual zone_ are provided, the microprocessor program solves the
control algorithm for each zone, and a data "word" is formed con-
sisting of one data bit for each zone. Once the "word" is formed, ,I
the micropmc_wor loads it bit by bit into an output shift register. .;
Whenthe shift resister is loaded, the data word is shifted intolatches
that turn the power of individualzones "on" or "off" depending on i
whether the latched control bit for the zone is a "I" or '_)" respec-
tively. In a SlX,cific test application, 32 individuaqycontrolled :i
thermal zones were provided. Despite the "on-off" nature of the

control technique, temperature oontrol to better than ±I/4°F was ,i
achieved. Va_ations in the basic concept can improve control accu-
racy and simplify control operations for the test operator. _

:i
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i' I' A REAL-TIME DYNAMIC SPACECRAFT SIMULATOR
FOR THE LANDSAT-D MISSION

i Allen R. Coffin

..... Manager, Landsat Cround Segment Integration and Te_ _
•_" General Electric, Space Systems Division

ABSTRACT .

it

' A REAL-TIME DYNAMIC SPACECRAFT SINTOR FOR THE LANDSAT-D MISSION i

The Lsndsat-D spacecraft, scheduled for launch in July 1982,
is the first of the next generation of satellite technology for
remote sensing of earth resources. A real-tlme dynamic simulator

for this spacecraft has been developed and has played an integral ._
_ role in the development and validation of both the ground control 1

system and of the on-board flight software, i

The simulator utilized m_ electronic replica of the space- s

craft on-board computer and data handling hardware interfaced to i
a VAX 11/780 computer and simulation software. !

Key features of the simulator desisn are a modular soft_aare !
architecture tailored to the VAX/VMS real-tlme capabilities, a ....
microprocessor controlled interface between the VAX and the ._

flight hardware replica, complete simulation of the spacecraft

I. and NASA network comnunication 1.%nks, and a flexible and F_rful I

scenaxio structuring and operator control capability.

The design goals and trade-offs, software, and hardware

i?" design are summarized. The application of the simulator to the :!
validation of both the ground systems and on-board software is i

: reviewed in detail.

i_!i.. I This work was performed under NASA/GSFC contract. No. NAS52300.
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t
The Landsat-D mission, scheduled for first launch in

"_ July 1982, w111 be a major step in the orderly development and I
. application of remotely sensed data from space to the manqement

of the earthts resources• It will pzovide enhanced remote '

_ , sensin8 capabilities relative to earlier Landsat m4ssions throush j
.:+,_ improved sensors, wider acquisition of slobal data, and more

rapid processlns of the data for users•

_ The Landsat-D observatory wLtl operate from a circular sun-.. j

"' synchronous orbit, _naslns the seme swath of the earth surface _i
each 16 days• Imams data is transu_tted in real-tflne at KU-band ';

:'+ vla the Track_ns and Data Relay Satellite (TDRS) to its 8round !
•" teructnal at White S_ds, New Mexico where it .4.s recorded and then i

re.layed via a domestic cor.usunications satellite (DOMSAT) to the ,_
i.

Goddard Space F_shC Center (GSFC) in Maryland for processins. +
( isure 1) i

J

" Imams data will _so be transmitted directly to foreisn or i
domestic around stations at X-band in addition to or in l_eu of !
transmissions via TDP.q. A separate S-band direct _tnk compatible
w£Ch the Lm_dsat ID2 and3 £8 also provided to transud.t MSS data w

:. to those stations only equipped for receivins at S-band• Normal
- spacecraft telemetry and commmd communications are via TDRSS at .:

S-band; Additional telemetry and command capability is provided

throush the NASA-GSTDNstations• i

Initial trackins data for Landsat-D will be obtained via !
TDRS and the GSTDN stations. Ephemeris determination required
by the spacecraft for attitude control and the 8round sesment fox +

_ both mission plnnn_ and image correction processins are
computed at the Coddard Space Flight Center However, the
Landsat-D spacecraft will be equipped with a Global Positionins

•- System (_S) receiver/processor which, after checkout and
' calibration, will provide a second source of spacecraft ephem-
-. erides.

w

+'. The major components of the Landsat-D Flisht Ses_ent
m (F54_ure 2) are the NASA Multiu_sston Modular Spacecraft (MMS),
. ..+ the Nuitispectral Scanner (MSS), and Thematic Mapper remote _

0: sens_S instruments, the Wldeband instrument data c_unications
j. subsystem, and the Clob._l Positionin_ System (GPS). :

,:i;+... +:

i" ,
l
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_1, " The major elements of the Landeat-D Ground Se_nt
(Fisures 3 and 4) are the Control and Simulation Facility (C5¥),

_;:'; !_ M£asion Nanagemont Facillty (M), ImaSe Generation Facility
. i (IC¥1 and Landast Assessment 8ystet (LAS). The Contro, l and

_!; _ Simulation Facillty will provide daily plannin8 end control in
_!,_,,,'. ' support of _spacecraft health, safety, and instrument operation.

!_!i _ As its name Inplies it also houses _he spacecraft simulation
_!_ .. _, cap .abiLity whleh is the subject of this paper. The Kieslon
......;, , MLno_ement Facility supports the planh "n8 and management of
,::. _ im_se data acquisition and processing in response to the needs
-';'. " _ of the Landast user com_nity. The Image Generaclon Facilit7

._!:'._,': supports the inseot and proceasinS of raw imagery data from both
_'_,: _ the KS$ and Thematic Mapper instruments. It produces radlome- ....
!__, _,. trLcally and seodetically corrected imagery products. The

'* Landsat Asseasaent Systea is an t_D facility consierA.n8 of J_age
i proceesLns hardware and software to serve an a resource for
_ investisatlon and development of new earth resources management

• " _ technlques usln8 data from the Thematic Mapper sensor,

_" _, A major component of the Control :'rid Shnular_Lon FacL_t_
_"! (CSF) Is the Test and Simulation Subsystem (TS_.N) This hardware/

k_ _ soft.are subsystem is. des£ened to provide a real-tLNe dymm_c
.... _pacacraft simulation capabillt7 for the Landsat-D mission. It

i £8 intended to support development and pre-launch val_datLon of

_ the &round sesment, operator trainin8 and evaluation, and to, provide a capabillt7 to validate bo_h on-board computer soft3mre
_ ' updates and CSF software updates before implementation in tho

.-- _ actual spacecraft. Subsequent paragraphs w_ll review the desi8n
_:_1 :,_ of ....._ major hardware and software co_ponents ¢omprisins the

_ _: TSIM, and the major funcLional capabilities of the system.

,_o_ _ F_n_lly, _he app].:Lca_.on of TSIM to _he development andverification of _he Lan_sat-D system to date and plans for its

i: operation£1 applications will be reviewed.

LANDSAT-D TEST AND SI_L.n,ATION SUBSYSTEM

The TSIM Landsat-D dynamic spacecraft simulator is imple-
_.- ' nmnted as an integral part of _he CSF (Fisure 5) whose primary :I

..',- , functions are the daily plannins, comand, control, and 1
, evaluation of the Landsat-D spacecraft. To accomplish these

• _ function8 _he CS¥ consists of three identically confisured DEC

._ VAX 11/700 computer systems each havin8 2.5 Hbytes of memory and '_
,,._:_i-:_ _ three i76 Mbyte disk storage devices. CiF software, includin8 :'=

00000002-TSC09



ii " TSIM, consists o£ over 120.000 lines of executable code

:_'_]i executing under the VAX/VMS real-tlme operatlns system. All

CSF speclal-purpose hardware, including the TSIM support hard-

ware, is either replicated rsdund_tly on all 3 systems or
fully switchable to the desired system (Figure 6).

• The three CSF computers are interconnected with their

_._.I, counterparts and the MMF computer system by the DECNET inter-
i!_i ,

_'iI:: computer network sofCwure. The CSF implementation also utll/les
the International Data Base Systems Inc. "SEED" DBMS to support

:_ the storage and retrieval of critical mission support and
planningdata.

:_ The heart of the TSIM spacecraft simulation is an hurdware
replica of the _4S Command Data Handling Subsystem (CDHS). The
TSIM hardware includes a replica of the NSSC-1 on-board computer,

,,. _ standard Interface and control hardware, and remote interface
logic. This hardware t_ interfaced Co the TSIM host VAX 11/780
computer via a custom designed microprocessor controlled TSIM/
WAX interface unit (VIU), (Figure 7). The TSIM hardware
interfaces to either of the three WAX 11/780 computers via 5 DMA
data paths which are supported by a manually switchable UNIBUS
interface (DRI1B/DT07) combination. The CDHS hardware replicates

all spacecraft on-_oard data acquisition, processing, (including !
executlou of the actual on board computer software), generation
and distribution functions in exact r_l-time The VIU interfaces
chess functions to the soft.are simulation functions in the VAX

11/780 computer. As shown, (Figure 8) TSIM aslo utilizes the ]
same NASCOM interface hardware used by CSF to communicate with the ,
spacecraft via the NASA Co_nunicatlon Network (NASCOM) to support '_.
data flow bet_eeen the simulation and the command and cont:ol

elements of CSF. The TSIM simulation software in the VAX 11/780

consist8 of the following major real-tlme functional elements: _

* simulation control and operator interface

* interface unit (VIU) synchronlzatlon _

_:: * telemetry/dump data hsndler

* uplink co_nand handler

* network conmunic_tions interface i

"_" * spacecraft subsystem and enviromnent simulation _

* history generation

_:_ _--" The following paragraphs summarize the ,flow of data and the
-. ',_" functions performed by the major hardware and so,_ware elements

.... _i._ within the TSIM _al-ttme _i_dlBtfOfi.

Y, :
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.: The internal control timing of the CDHS hardware provides
"., the synchronization for all crltlcal TSIM functions. Once each

128 milliseconds, the VIU collects and transfers a buffer

• : containing all spacecraft subsystem ccmnande dispatched within
: "'_ the CDHS during the previous interval. The receipt of this

:. transfer (Path l) within the VAX 11/780 activates the interface
"" unit synchronization module.

!"_ The synchronization module buffers the data transfers for

i two intervals and transfer_ the commands to the spacecraft
subsystem ahnular=ton (SCSS) module once every 256 mLLl.tseconds.

' The SCS$ module is the heart of the dynamic simulation and performs
_'" spacecraft connnand translation, spacecraft subsystem and

-_" environment modelllng and translation of analog and digital data
into CDHS format each 256 millisecond simulation cycle. The
module faithfully simulates the orbital environment and attitude

control dynamics of the spacecraft. All major spacecraft subsystem
functions, commands, add telemetry points are modelled including the:

* attitude control subsystem i

* solar array and TDRS antenna drives

* power subsystem

. * thermal subsystem' * narrow-band tape recorders

* instrument payloads

* safehold control mode -_

i _ propulsion module

The resulting spacecraft data, having been :onverted _o CDHS format,
is transferred back to the CDHS via the interface _har_lare (Path 2)
every 256 milliseconds. The interface hardware b_ffers _zis data "

and controls access by both the on-board computer and CDHS ._!e- : ._

merry formatter to the data. The CDI_ telemetry formatter is .. _._
.. i synchronized to the internal 128 millisecond cycle and accesses t

_. : data ,." Jm both the on-board computer (OBC) memory and the interface ....
, ,: unit to create the contlnous spacecraft telmnetry .stream at I kbps ,

i: ; or 8 kbps, as commanded. High data rate OBC memory dump data is i
." generated on command at 32 kbps by similar hardware within the CDHS."'-_- _ i

'L.... '

,,' _ . ._

P

_Y' _ i
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i ,',;,' These two data streams are buffered in the VIU interface |
i i = hardware and transferred in real-time (Paths 3 and A) to the VAX I
i _,'' 11/780 where the telemetry/dump date hnndl!ns software =sptures
! i this data. The data is packqsd into NASCCI4formatted blocks by

_ the network interface software and motored out with the tt

: appropriate protocol and data rate via the N/_CCt4 interface (aIF) t

" hardware to be routed to the CSF real-time processing functions, i
•. CSF 8onerated 8round cogunands are also received by the NIF j

i-v hardware and deblocked by the network interface software command
,," handler, which transfers the c_and data via the VIU interface
:," hardware (Path 5) to the CDHS hardware. This completes the {
:, closed-loop flow of data between CSF 8round support functions, !

'i'! s_nulation software, and the CDHS hardware replica. All data _• transfers are synchronised to ensure proper data access and data
8eneratton access by the CDHS of data florins to and from the
simulation so£ tware.

2

The definition, initiation, control and display of s/mulations 1
is the function of the s4mulation control module. It provides the
capability to define s_nulation scenarios usin8 a powerful i!
scenario definition lansuase which provides the abJ.Ltty to dsf£ne
initial conditions and to specify real-t4_e event sequences
includin8 time-tasKed and conditional er.ecutions. All simulation ,i
data is accessed via a Klobal date structure, access to which can

}-I' be made from the controller to set or display the value of any !
variable. The scenario definition lansuase includes the capability :

• . to define macro-like sub-scenarios to £acLlAtate the creation of very :
complex scenarios. Operator control of the siml_latton via the
console keyboard is allowed at all tithes. A stnsle display format _ =
provides a header with simulation t_e displayed, a sc_olled ':, "

i window of current scenario conunands as :b_y are e_ecute_ and a _.
wfz_low_or display of selected simulation variablee. A comumd

, entry line and message area appear at the bottom o£ the screen.

_iI'il In addition to real-time simulations synchronized to the CDHS "

hardware, step-mode and faster than real-time software-only
sflnulat4on capability is supported. An history seneration function i

i, ' captures all operator and scenario commands and optionally
8enerates "snapshots" of selected areas of the global data. structure

ii for post-scenarlo evaluatlon.

A_Z of _ _unctio_8_ software modules discussed are :b_ple- :i
mented as _l_dependent processes under control of the VAX/VI_S
real-time operatin_ system. The system design and implementation

. .:. exploits the very powerful and flexible features of th_s operating -
_. system to control real-thne processing priorities, inter-process '
_, communication, and process synchronization.

,..,: ,, ½
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Much of the functionality traditionally fo.nd in the executive
control software of the typical rea1~tlme shnulator is, in TSIM, !
performed by VHS operating system support servlce_. !

TSIM APPLICATIONS

--_ The TSIM subsystem hardware and sofCware were deliberately
developed and integrated as part of a phased test program with

" basic TSIM capabilities demonstrated re]a_Ivelv car]y in tile

_. CSF development cycle. Thus, TSIM was av@Ltabl@ t_Latlvely ear£y
tn th_ program as a realistic test data generator to support the

_eveLtopa_nt and testing of real-time telenetry and dump data
acqulaltlon and processing software, The decoomu_acion, t
calibration, and detail processing of spacecraft telemetry in CSF 1

is controlled by real-time data cables which are themaelves
generated from telemetry description data stored in the CSF data
base management system. TSIM also has access to this data base
and generates its own real-time tables from the same data base.
This provides the capability to reflect changes in analog telemetry
function calibration data consistently in both the simulation and

processing software. TSIM was also des_nsd to the greatest extent
possible, to model key spacecraft subsystems using redefinable
constants, alignment values and related parameters. The ability to

_" control any elemant of the global data structure has bean a vital

tool for developing baseline test scenarios which have supported
verification of the complex telemetry, l_mit, alarm, and event

processing logic within CSF by carefully controlling the profiles
of predeflned analog and d_Ital telemetry functions within a
test scenario.

S_n_larly, TSIM has supported preliminary verification of the
CSF spacecraft command generation and verification software. It
has also proved useful as a generator of synthetic ephemeris data

: for use in testing elements of the Image Generation Facility.

Perhaps the most interesting application of TSIM to the
:, Landsat-D development has been its use in the OBC flight software
-:" validation effort. The des_n of the spacecraft dynamics models
': within TSIM had as a goal to produce adequate fidelity to support

: validation of post-l_uch flight software modifications prior" to
-. : their use in the actual spacecraft. During reviews of early test

_,_" results of the spacecraft subsystem modeling software it was
,-_++_ recogn_ed that elements of the TSIM software could be very

:-:'::!i:_" effectively utlllzed in the validation of critical elements of

!

a
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]
ti.. OBC flight software, namely the, attitude control, o,phemerin

"" proc_ossing, and spacecraft control processors. The, flight soft--
ware test facility already includ_,d a VAX 11/780, C_I1S rap]tea

:. mid interface unit (VIU) ido.ntical to those c.ontalnod tn the tL':F

-=" hardware. A non-real-tlmv on-board computer emulator w,_u_ al._.J
a k_,y part of the oxt_t!n_; fllt_ht ,qoftwar,+ t,;nt fa_.'t.l I ty. A...

..,., custom software, tntt:rfac-o was tmplomont_,d atlo_ln_; the TSIM
"" Llpa_t.crai t _lmuLat!on a_ot Kwa_re to e_c_._z,at_c in n_on-r_;a_-ti me

,:_ ngnlnst FORVRAN ongh.,o_rlng '11odt' I tt Of the I)_lr_I c fq_aci-,.cr,'dt cantr,,l

: ..... ;_lp,or:LKhl,_;° 'rho, r_f_ultn of thoflo ter;t,_ wt, ro _,Olllpart:d wfth
:..:" __. engtnt:t_rlng Contfl of tt._ t,;lm_: control ,3!gor!_hm,_ against on_;t-

: IIt't;rtng wnod_,18 of tilt, spatter:raft dynamic t:.mpont3ntt_. 'l'het;o rt_,t_u_tt_
were used to validate, correct, and [lll|¢_ tile TSIM dynmnlt: luotlt_lt;.

- "7

These same tests were then repeated using the OBC emulator i

executing the prototype flight soft-sere against the TSlM dynamic : -_
models. Finally th_.aama someways was tested in real-time opera- "

i tlon against the TSIM models using the flight software iactltty's
_.. VAX 11/780 CDHS and interfa_a hardware. Thi_ scquenc_ of testing.
: has provided a high degree of confid=nce in tileval%dity of the

i . spacecraft _ontrol laws, as implemented in the flight software,
_' and tile correctness of the TSIM raodels with respect to the design

' o£ the actual spacecraft. Moreover, the utility of the TSIM

i subsystem to support post-launch flight software maintenance was
clearly demonstrated.

)

is to be used to realistic
TSIM Justnty_ beginning support

real-tlme operational scenarios within the CSF. Its capability to

-_ support end-to-end data flows and line tests for both system tests

and operations has been demo'astrated. Currently, integration and
test resources are developing TSIM scenarios to support demonstra-

--_ lions of full'up CSF real-tlme spacecraft command and coatgol as

i part of r.he Ground Segment acceptance testing. These s_enarios - :
will be enhanced and updated to support operational readiness

! ,.

testing and on-going training of the maintenance and "operations _.s tar f. i:'_

(
[L.

I

f- 5,

L

:. i30

t'.

....... o .............. ,,.. ', ".....................
o ...... : ,)

00000002-TS014



i y.--"F

I" "

" ]
The TSIM subsystem has played a key role in the development

and verification of both the ground and flight segments of the

(: Lana_a_-D mls_io_t, _The combination of h_dware emulation of all

critical on-board data handling and computation with a flexible

_i, and dynamica£1y ='.ccuratesoftware simulator provide a peter

!i capability for pre-Zatmch testln 8 and post-launch maintenance and
.i"i, ape ratlons.
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o ENVIRONHENTALTEST FACILITIES USED[N EUROPE........ i ii ............. i

-
_" FORESASATELLITEPROGRAI_IES

_.- Peter W. Brtnkmann
. _ _w ....

5-.. European Spac_ Research and Technology Centre ESA/ESTEC

_i;i'7- NoordwtJ k, The Nether 1ands

_.
ABSTRACT

The paper outltnes the structure of the European Space Agency and tts
largest establishment, ESTEC. In particular tt summarises ESTEC's

'.. responsibility for allocation and coordination of European environmental
test fact 11ttes.
The paper describes the _ador test facilities used for ESA.programmesand
highlights factltty characteristics and spe¢ial test methods applted for

tl programmesof the Agency.

, [.NTRODUCTZON

.:ESA-EIJROPEANSPACEAGENCY

The purpose of the European Space Agency (ESA), as described tn its
Convention, is to provide for and promote, for exclusively peaceful
purposes, cooperation amongEuropean states in space research and
technology, and thetr space appltcat!ons, wtth a vtew to thetr betng used
for scientific purposes and for space applications systems. To fulfil itS.

--. mission the Agency :

a) elaborates and Implements a long term space poltcy= recommendsspace
ob_Jecttves to tts NembeeSLates, concerts the poltctes of the Hember
States wtth respect to other nation.a1 and International organisations
and Instltutfons; .:

b) elaborates and Implements activities end programmestn the space
fteld;

c) coordinates the European space programmeand nattonal programmes,
Integrating the latter progressively and aS completely as possthle

_;- tnto the European space progrl_me, tn particular as regards the ,
development of applications satellites;

, d) elaborates and Implelnents the industrial poltcy appropriate to |is
. programme, and recommendsa coherent Industrial poltcy to the Henber

States.

!_ The ten founder membersof ESA are Be19tum, Denmark, France, Germany,
_. - Italy, the Nether l ands_ Spatn, Sweden, Swtt.zerland and the Untted Ktngdom.
_°_..... Ireland, although not a memberof the previous space organisations, also

j_ stgned the ESAConvention tn December1975 and thus ts now a full memberof
the Agency. Three other states are closely associated with the Agency:
Austrta ts an associate member, wtth the status deftned In the

i_ Convention; Canada has an agreement for close cooperation; Norway has ;

00000002-TSD11



i; observer status but negotiations are under way for thts state to acquire
assoct ate membersh1p.

i The Agency's policy m_ktng body Is the ESACouncil, composedof
representattve_ of the Hember States. The Council takes decisions on the

"_"i' policy to be followed by the Agency, and on scientific, Lechnic_l,
administrative and financial matters. The chief executive and legal

-_::; representative of the Agency is the Director General, who ts appointed by
' the Coutic_. He Is assisted by stx directors who are responsible for the
_ following directorates: Adm!n;stratton. Applications Programmes. Spacecraft

t: Operatt :. ScJentlfJc Programmes. Space Transportation Systems. and the• Techntca' Dtrectoeate.
/:: The ESA organtgramme ts shown tn fig. 1.

' ESAESTABLISHHENTS

ESA's total staff amounts to about 1400 persons, drawn from the Hember
States and located at the Headquarters and the various establishments.
o The ESAHeadquarters ts situated tn Paris. :
o ESOC(European Space Operations Centre) ts located at Darmctadt tn ;

Germany. It ts tn charge of all satel|tte operations and uf the
corresponding ground facilities and communications networks. The ESOC
controlled network includes a central control centre tn Darmstadt and
te]emetry, tracktng and control facilities at Htchelstadt (Germany),
Redu (Belgium). Vtllafranca (Spatn). Kourou (French Guiana) and
Carnarvon (Australia). In addition to these sites, the Agency uses
the following ground stations: Haltndt (Kenya). Fuctno (Italy).
Ktruna (Sweden)and Haspalomas (Canary Islands/Spain).

o ESRIN (previously European Space Research Institute) ts located tn
Frascatt. near Rome. Italyo Two program,s are on site: IRS
(Information Retrieval Service), responsible for the operation of the
most powerful automated documentation ratrteval system in Europe,
wtth a ft|e of more than 18 mtllton bibliographic references; and
Earthnet, which collects, preprocesses and distributes images and
data from remote-sensing satellites.

o Several technical teams are located tn nattonal establishments for
the conduct of specific programmes. The Agency also has a liaison
office in Nashlngton.

o ESTEC(European Space Research and Technology Centre) ts ESA's
largest establishment located at NoordwtJk tn the Netherlands
(approx. 3S km from Amsterdam) and has a staff of approx. 12OO (ESA 7
staff and contractors). Host of the project teams and the Technical .... !
O|rectorate are located at ESTEC. The ftve departments of the
Technical Directorate (TO) at ESTECsupport the ESAProgramme
Directorates tn studies, design and development of satellites tn
cooperat|on w4th industry and the sc|ent|f|c community. The Technical

i DirectoratG is also responsible for applied research tn space
.... technology, for standardisation of hardware and softwure, and for

_i_ mslntenanc¢ and extension of competence and tapef_tllty wtth respect
• to technical facilities, mathemattcal/computm" support and product
)_ assurance activities. Ftg. 2 showsthe organlgramme of TD. Mtthtn the
l," "Assurance, Testing and Hathemattcai" Department the "Test Services"

i_ .
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;_ Division is in particular responsible for ."

- project support for envirtnmonta] testing;

_. - study of new facilities and test methods;- manage,nent, operation and maintenance of the ESAenvironmental
_ fact)tties;

_.,- - engineering facilities;
,.'_ - manaoementof the laboratory equipment pool;
_;'- )

.:, - coordination of major test facilities in Hember States for
•", ESA-programmes•

.,"
, Fig. 3 shows the ESTECsite.

EUROPEANTEST FACILITIES

FACILITY COORDINATION

The European Space Agency has developed and maintains major environmental
test facilities which are at the disposal of industry, scientific
institutes and projects to support Agency programmesas well as space
programmesof ESAMemberStates• Similarly someMemberStates have
established national test centres to support their national programmes.

Therefore European industry and scientific institutes did not have to
procure those environmental test facilities, which would not only have

-" reautred extensive investments but alsr significant costs for operation and
maintenance. In order to avoid duplication of facilities and subsequent
underutilisation of facilities in Europe, The Technical Directorate (TD)
becameresponsible for the coordinated use. of ESAand major national
Installations. ESA identified a number of national facilities in Belgium,
France and Germany, which were complementary to those of the Agency and

.... Indispensable for the execution of the Agency's pPogramme.These together
with the ESA facilities form a "facility pool" under the nameCETeF
(Coordinated European Test Facilities). TD is responsible for the
coordination of tests performed in CETeFfor all ESAprogrammes. This
includes central plannfng and 11alson between users of facilities (project
groups and/or contractors and fact liLy owned's)•ESA shares a poPtlon of the
fixed costs of national CETeFand therefore enJo3s a certain priority for

•"; the use by its own programmes•l-
-ore,

. ENVIRONHENTALTEST FACILITIES
!

:-.. Vibration facilities
i _ .

, The test centres at ESfEC, IABGand CNESare each equipped with one
electrodynamtc vibrator of the 140 to 170 KN class. (Smaller shakers are

_ available in addition) Soltd scare amplifiers and digital control and data
:: handltngsyst_s have been Implemented during the last few ,veers, whtch has
;" increased reliability and safety on one side and which has improved the
_ flexibility and speed of operations and test evaluation on the other side.
: The main fact liLy parameters are summarised in table 1
)
t

)
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ESTECis at present procuring a new 140 KN long-stroke vibrator. Pendinq
i" approval, a second vibrator of the same type will he Installed tn the n_.ar
_... future. "[his will _,naDle the implementation of a twtn-_haker arranqement
• all_wlng tests on _pectmen with high masses or large dimensions to becnme
,. '- compatible wtth requirements for ARIANEand SHUTTLEpayloads.
i"" Fig. 4 showsthe present ESTECvibrator du_,ing acceptance tests of the
;, Infrared Astronomy Satellite (IRAS).
:I ' "-

' ' Ph steal- roperties-machines an.ddynamic test facilities

_'._:. The three environmental test centres are equipped wlth a set of m_c_hltle_
that make It possible to determinethe physicalpropertiesof specimens;
the set includesspin-machinesand dynamicba]anclngmachines.The machines

_ii:" at ESTEr can be operated in the 10 meter dynamictest chamber (DTC) under
vacuum at pressure levelsof about I Torr (133 Pa).'_-) ,

if Table 1 lists the main existingfacilitiesand characterist;cs.

;_ EMC and magnetic facilities

'/ a) ESTEC has two well-equippedEMC facilities,which are characterised
_, in table 3. The EMC facilitiesof nationalcentresdo not form part
r of the CETeF, since there are severalfacilitiesin European

industry,and this limitsthe demandfor Agency-suppliedfacilities
• in thls area.
I. b) The CETeF facility-poolmaintainsone magnetictest faci]ity at IABG

. (Germany)which was originallyset-upfor the German-UScooperativeprogramme"HELIOS",
The facilityconsistsof a large precisioncoil systemwith the
correspondingpower supplies and precisemeasuring InstrLments,and a
second roll system for magnetisationand demagnetisation.Typical
tasks are :

. - Measuring the magneticcleanlinessof test objects;
- magnetisingand demagnetSslngtest objectsto determine

permanent,remanentand inducedmagneticfields;
- measumingdlpole/multlpole f_eld distribu&lon surrounding test

objects;
- measuring eddy current fields;
- attitude controltestingof magneticallystabilisedspacecraft;
- ca]ibratlonmagnetometers•

" The main elementof the facility,which has been constructedfromi non-magnetic materials exclusively, ts a 3-axls square cetl systemwith 4 coils per axls of 15 x 15 m, The free access areaIs 4 m x

,I 4 m, Fig. 5 shows a sketchof this unique Europeanfacillty.TLe
earth's field can be compensatedwithin a sphericalvolume of 3 m

!: wlth a resolutionof 0•1 nT and a homogeneityof< 1 nT. DC field
vectors can be established in the range from 0 to 75 000 nT in each

•_' axls with an accuracyof approx.5 x 10-_ respective0.1 nT
)

;" The magnetisatlon/demagnetlsatlonsystemuses square Helmholtzcoils

'i (3.7 x 3.7 m) mobile on tracks and provides a homogeneity of ( 30g

t
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in a spherical volume of 3 m. The field amplitudes can be varied from
0 to 5 mT within a frequency range of 0.1 to 3 Hz. Fig. 6 shows the
GEQSsatellite during magnetic tests at IABG.

ESTEChas developed and implemented methods to achieve far-field

:_.. predictions from near field measurements. Therefore even largesatellites w.r.t, the facility dimensions can be tested. (Ref. 1).

4' solar simulationfacilities-At presentthe CET_F cnntain3 solar
l.. Slmul_ti_n'facil'Itlesof differentcharacteristics.The main parametersare

summari_edin table 2. The facilitiesare evacuatedwith oil-free
high-vacuum pumping systems and met extreme cleanll_ess _-equtrements. All
three facilities are equipped with E-axis gtmbal systems allowtng
continuous sptn motion and attitude motions of ¢ 180". Data transmission
between satellite and external test equipment (C/O and data handling) is
facilitated by specially designed sltprtng systems. This includes the
capacity to transfer several hundred thermocouple data (Copper-Constantan).
Refs. 2 and 3 provide detatls in this respect. The specific characteristics
are as follows :

o ESTECheat balance factltt_ "HBF-3". This fracility is equipped with a
divergent solar simulator providing a hexagonal beam with an interior
hexagon diameter of 2.6 m. Fig. 7 shows the basic layout of this
facility. The solar simulator provides a radiation pattern, _htch ts
highly symmetric on the one hand, and which has a continuous slope of
intensity from the beam-center towards the beam edges on the other
hand. It has also been verified that the intensity pattern is
preserved in different planes (normal to the beam-axis) withtn the
test volume. These conditions were uttltsed when establishing a
model of the beamcharacteristics, which enables fairly easy and
accurate predictions to be made.of tncldent or absorbed fluxes on
satellite surfaces, (Ref. 4). Fig. 8 shows the main beam parameters
and fig. 9 presents the relative intensity distribution at the
reference plane. The differences between measured and modelled data
are very small ((I%). F;g. 10 shows the $pacelab atrlock in "HBF-3"
during qualification tests at ESTECin 1981.
The "HBF-3" has been equipped with a photogrametry system, which
allows contact-free deformation measurements of specimen during solar
simulation or themal vacuumtesting. (This system is under
comtsstontng at present. Expected accuracies<0,3 m).

o IABG "3mWSA".This solar simulationfacilityprovides a collimated
holrlzontal_eam with a diameterof 2.4 m. With the aim of test cost
reductionsESTEC has developpedin cooperationwith IABG a special
test rl_ for this faclllty_which permitsthe simultaneoustestingof
up to 3"solar panels with dimensions of 1.3 x 1.? m each tn the test
facility wlth a beamdlan_ter of only 2,4 m, In this way the test
costs for the ECS/IC_RECS(ESA Telecomunlcattons Programmes) solar
array thermal cyc|tng tests were cut down by 60%. The test set-up and
the results are indicated tn figs, 11 and 12, (RefoS)
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The "3m-WSA"solar simulation faciltty w111 be replaced In the near
futureby a 6.5 m chamberwith a 3.5 m diameterparallelsolar beam.
The chamberwill be denominated"WSA/TVA".It can be used for solar
simulationtests as well as for temperature-vacuum-cycllngtests.

,. o CNES "SIMLES".SIMLES is at presentthe largestsolar simulation
facility in Europe. It ts equippedwith a 3 m collimatedsun with
horizontalbeam. Fig. 13 outlinessize and shape of this chamber,
which has been used for tests on a11 ESA telecomunicatlon i
programmesso far. These tests includedthe simulationof

i: electrostaticdischargeson a full scale model of METEOSAT-Iafter
anomaliesof on-boardelectronlcshad occurredIn orbit.

"i

Large vacuum facllit_-ESTEC has a large vacuumfacility of I0 m diameter • i
and 14 m height,which was originallyset-up co performdynamictests, such i
as deployments,balancing,spin tests, etc. at pressurelevels of about
1 Torr. It is known as "DTC" (DynamicTest Chamber).Fig. 14 shows the i
layoutof this facility.During the past years this chand)erhas been "3
convertedinto a test faclllty,which c,_nserve varioustest purposes "
utilisingthe followlngfeatures:

- A mechanicalreferencestructureInsulatedfrom chamber and : :.,
buildingmotionswith mechanicalnoise of<lO-3g serves as a
platformfor the specimen;

- an oil free high vacuum system (Turbomolecularpumps and
LHe-pumps)with high pumpingspeed (240 000 I/sec)provides a
working pressureof< 10-D Torr;

- an LN2-supplyis available to feed test specificshroud
systems. (The chamber is not yet permanentlyequippedwith a
shroud);

- 6 raN2 loops can supply 6 independentshroudelements at different
temperatureseach in the temperaturerange from -60"C to +60"C;

- a. large infrared test rig is available to perform temperature
cycling tests on solar arrays. The test rig as shown in fig. 15
is designedto perform a test on the two wings of an INTELSAT-V _
solar array simultaneously.Fig. 16 shows the preparatlenof a
test on the INTELSAT-Vrg solar array. (Detailswill be reported

In ref. 6). .;

Two of the more spectacular tests, which were performed in the DTC, were
the separationtest of the ARIANE nose-coneand the thermalbalancetest of
the Falnt Object Camera (F.O.C.),which is an instrumentof the •
Space-Telescope.Duringthe latter test the Space-Telescopeenvironmentwas
simulatedby independantlycontrolledshroudsections.High temperature
stability(0.1degr./12h)end low temperaturegradients('¢t 1.5 degr)
were achievedacrossthe 6 sections.The size of each sectionwas 4 m x

,. 1.5 m.
[ : :

°_. Opticalcalibrationfacillt_,.The Instituteof Astrophysicsat Ll_ge (IAL)

°I" has gained large experience in the fleId of optlcalcaI1bratlonand has :built specialvacuum facilitieswhich have become part of the Agency
supported facilities, Amongothers the facilities were used for the

o
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calibration of the METEOSATIR-Telescope. Presently, the facilities are
required for the Space Telescope/FOC (Faint Object Camera) programmeand

.. for support of studies which are performed by ESTECto promote the
' application of infrared technology for thermal-vacuum testing (Ref. 7).

_,. Acoustic facility. One test factltty for system level tests has been
sufficient for European programmesdue to the short duration of a_ousttc

;_ tests. This factllty ts located at [AB6. It has a volume of 725 m_ and can
:_ provide a noise level of 152 dB. The lay-out is shownin fig. 17. The _
:': French national centre CNESJs considering the procurement of a larger :
_ facility of 1400 m3, which wtll be compatible with future ARIANE4

payloads.

FUTUREDEVELOPMENTS

The present European facilities are to a large extent capable of performing
tests on satellites upto about 1000 kg. Extension and also new facilities
will becomenecessary to cover the requirements of future ARIANE3 and 4
and atso SHUTTLEpayloads. Wtth respect to thermal tests ESTECis in the
process of developing and processing hardware and software to implement
infrared test methods for the Implementation of tests in existing
facilities. ESTEChas also proposed the procurement of a large solar
simulatorwith a beam diameterof about 6 m. However, a decisionhad not
yet been taken when thls paper was submitted.The Implementatlonof the so
called "Multi-Shaker-Systems"with electrodynamlcvlbratnrsIs envisaged in :
the near future, and studies for the use of hydraulic shakers are being
caried out at present for multi-degree-of-freedom excitation. The advantage
of those systems will be high force capabilities, however, the frequency
range wtll be limited to about 200 Hz,. Test preparation and satellite
integration areas wtll have to be extended for future programmesalso
taking into considerationassociatedelectricaland mechanicalground

_" supportequipment.

While planningfurtherfacllltydevelopmentsand implementationof even
largerfacilitiesit Is alsorequired to developtest and verification
methodsutilisingexistinghardware.Also satellitedesign wlll have to

r_ take facilitylimitations•intoaccountto a largerextent than previously.

i-

• i
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CORRELATION OF MODEL AND FULL SCALE ACOUSTICAL NOISE

GENERATED DURING STS LAUNCH

-_ R. Trudell
'.,!: McDonnell Douglas Astronautics Company

ABSTRACT

t" A study task was initiated in Ig78 to analyze tile similarity aspects
.,. of model and full scale Shuttle engine_encratcd acoustics as part of
t. a check on existing STS acoustic requirements. Theoretical amdysL's
'-/ were performed and availablemodel and full scalostatic firint; ,_ata

,J" w_r_ utiliz4_dI;or correlation with and substantiation of theoretical
conclusions. The theoretical analyses indicated that the SRB
acoustic spectra l'rom model and full scale tests should correlate
quite well with geometric scaling, whereas the SSME spectra might
not, depending on the scaling parameters used. Analysis of model
and full scale static firings corroborated these expectations in the far
field, and a scaling param_er hypothesis was developed to ac4._unt
tot departures from ge,omgtric scali_ rules. This paper summarizes
the results of this work.
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DATE - THE SHUTTLEPAYLOADENVIRONMENTALMEASUREMEN1PROGRAM

W. F. B,mgs and E. J. Kirchman
NASA/GoddardSpace FlightCenter

ABSTRACT

In 1976 NASA erfginateda program for determining,throughmeasurements,
the actual structuraldynamicand ther;,lalenvironmentsthat _ould be
experienced by payloads flying on the Shuttle, The program, entitled DATE, - I
an acronym for Dynamic, Acoustic and Thermal Environments, is divided into " :.',
two phases:Phase I for gatheringdata durln9 the 4 test f11ghts,and
Phase II .for gathering data during ol_rattonal flights, This paper
addresses the results of the early part of Phase I and ts restricted to
structural responses, vibration and acoustic data.

Instrumentation used by DATEto gather the data consists of 16 transducers
mounted in the payloadbay, which is a part of the STS Project'sDevelop- 1
ment Flight;nstrument(DFI) package,and 38 DATE transducersmounted on
payloa(Is for flights2, 3, and 4. In addition, 8 low-frequency accelero-
meters were availableon flight 3 as part of the OSS-1 f11ghtexpePlment.

The data from the flightsere reportedto the NASA and Air Force payload
communitiesIn 30-day reports. As of this writingthree 30-day reports
have been issued:Report001, FlightReadinessFiring;Report 002, STS-I;
and Report003, STS-2 (OSTA payloadflight). Duringthe first two events
(reports001 and 002), only data from the 16 DFI channelswere availableand
the events were used principallyfor gearingup the programfor the 30-day
reportingeffort,selectingevents to be reported,establishingformats,
etc. However,the data acquired is consideredof value.

STS-2 (report003) had 54 data collectinginstruments. The work of ana..
lyzing the data was dividedbetweenthe GoddardSpace FlightCenter (GSFC)
for the data

from 29 nlgh-frequency acce:lerometers and microphones, and -
the Jet PropulslonLaboratoryfor the data from 25 low-frequencyaccelero-
meters. Report 003, dated,January1982,is a fullymature reportcon-
tainingmore than a thousanddata plots. The report containstransducer
complement,location,range, and frequencyas well as acousticanalysesfor
SSMErough burn, SRB Ignition, maximumexhaust effects, transonic, and _ '_

_ maximum q effects Also reportedare instantaneoustime historiesfor ]

selectedmicrophonesand one-thlrdoctave spectralplots and overallSPL : _
:_ plots for all microphones• The report provideslow-frequencyacceleration

responses(G rms, G peak, PSD, shock spectraand three-dlmenslonalPSD-time-
_. frequencyanalyses)for selectedevents• Significantevents and anomalies

in the data are pointed out. Because the OEX tape recorder f,_lled after i
,--. launch, no reentry Jacawas acquired.

2!,
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! .... STS-3 will have the same complement of tran_ducer_ as Flight STS-2. InF ,

i,. addition, 8 Iow-froqdoncy accp.le_omet_r_ will he recordc, d in Pf;M on the
payload recorde.r during launch.

The mi_._ion of DAT[, Pha.,;e l, Is beln!j accomplished. Althouqh DATE pr,r'vm,ml
have not y_.t fully a_ses_ed th_ SiFlnificanc_ nf the data, c(Jmpari_,nn _I
re_pons_.s in flight I and ? are h_ing madr. with current fliqht ,_c(:eld.,in,.e
level._ for expendable Idunch vehicles. Ac_u.,;cic l_vf.l_ are alr, o being com..

,. : pared with the profllght predictions and des_qn crlto_'ia. Ov(,ra11, t_e
I'- mea_,ured enyiror_p.ent appears relatively mild, except tm _ s(_me l(_ca| couo
;.-" ditiorls,arldit is withi_ the Johnson Space Center quld_.)ines. The Pha_;r,

II instrumentatirJn system is beinq prepared hy the ,hdln_c_n Sp,u:e Fliqhi.

i Center for measurinq of payloads durinq ol_erational fl iqhi, s.responses
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I !
OF POOR QUALITY .:.]

- l_d_IC _IP, C_,_N'rs FOR SP/K_ S_E PAYbOADS*

• Dennis L. Kern and.I%_____ I_.O'CImnell ,, _.
._. Jet Prvpul_.4onLaboratxzy
: California Institute of Technology

Pasaeena, California

Flicjbtsore and two of the Spaoe Shuttle provided the initial data on payload
bay dynami _ environments. The second flight, in particular, ha_ a
c_nsiderable-,1ount of dynamic instrumemtatJon installed by the t_%SAspormored
Dynamic, Acoustic and Ther,.al Environments (i:$TE)Prugram. FayloaO bay
dynamic data from these flights are st_nmarized and evaluate_ Development of
dynamic environment design and test criteria for Shuttle payloads froI,_
r,:easuredflight data is discussed. Factors that must be considered are flight

to flight w_riations, spatial variations, teml.oral _,_riation_-,r:ea_.ur_ment
bias errors and the degree cf confidence clesirc_that a _¢ec_ictedenvizc.rm;ent
will not be exceeded in flight. Sire:maryend ccnclusions rel_rts w_ll Lw_
_blishe4 after S_S-4 and at apFropriate intervals t2Jeremfter. 'fhenature of
these future reports and the.i, :fr,l_c_: on the t'_arcommunity is discus_-_.

The second flight of the Shuttle provides the first significant amount of
flight data available for evaluation of the payload bay dynamic envirorm_nt.
This data was acquired and re_u_.d _ part of t_.eNASA I_'I"E (Dynamic, Pmoustic
and Thermal Environments) activity, marmged by C-cddar4 S[_c_ Flight Center
(GFFC). DATE instrumentation on S_S-2 consisted of 14 mlcro_hones, 8 _igh
frequency accelerom_ters, and 16 low frequency accelerometers inside the
[ey]cad bay. ;W]ditioralI_yload bay data was provided by the STS Develolmm.nt
Flight Instru_._ntation (DFI) _stem, which v,aa operational for the S_B Flight
}:earlinessFirinc (FP/) and &_S-i as well as S_S-2. DFI transduo_rs applicable

to payloads consisted of 4 microphones anti9 low frequency accelerometers
inside the payloa_ bay _nd 3 microphones externally or,the bay doors. DA_E
h_ disseminatec_this environmental date to th_ _yload community through 30-

day zeport_ (Keferences i, 2, and 3). However, in order to [_ of [enefit to
Shuttle users for de%'vlop,nent of f_ylead dy_ar,ic en%dronment (](,signant te._.t
criteria, engineering _r.tsrpretat2on must [-_,a[plied to the data. The Jet
Propu]._-.ionI.aborotory (JPL) is _rforming thi'.:tas_ for l_St.Eeadqu_,rter_,
Office of the Chief Engineer, to provide aD engineering aralysis of the data
for the Shuttle payloa_ c_mmadty. This pap_ [_reseDtsa general overt.iewof
t_e "DA_E Data Engii%e.eli;_.Analysis" task and discu_;:e_,t-h_c._Te(T_dccntex_ts
of the st_-.l_.ar__,r,__cnclusion.,_rel_It_ to [_-I,tl;li_l'ed_E _alt o£ thiu task.
It also _.rovJdes a prel'_..i_a_"rveluatior, of t_,cacoustics portjor, of the

" _ayluad |_w_ydyn_mic data for STS-I a_ -2.

* This study program was carried out at the 0st Prcpulsion l,a[_ratcry,
California Ir, stitu_ of _¢hno1(_/y, under }&_gACt.r,tratt N_S ?-10C.
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The _TE dynamic data engineeringar_lysi_ task will provide the STS payload
community _ith a basis for derivatlonof dyr_mlc environmentdesign and test
criteria foe STS launched payloads. The task includes the engineering

°i.. analysis of both the low frequency loads and the higher frequency

....l vibroacousticeenvlronmentL The analysis informationwill be disseminatedtothe l_yloadcommunity throughperiodic "Summaryand Conclusions"reports, J_L
is the coordinator of the task, with responsibilit-1for preparing and
publishingthe reports, JRL will be supportedby other NASA centersand the
Air Force Space Division through the II_TEWorking Group chairedby GFS(I The
II%TEWorking Group will review and comment on the draft reports,Working Group
members wj_1 be requestedto contribute specific sections to these reports.
The reports will summarize the data frum several flights,provideengineering
interpretationof the data, and n,_ke comparisionEwith predictions. _he first
report will cover Shuttle fllghts STS-1 through$2S-4. A_itlonal reports
will follow at appropriateintervals,

_he summa_ end conclusionsre_ortswill summarize the STS payloadbay flight idynamic data gathered and analyzed as part of the NASA DATE activity. These
summaries will encu_pass several flights, A statistical approach will be i
taken to summarize the data wherever feasibl_ •

The reports will provide engineering analysis of the flight data. Flight
events,instrumentationcharacteristics,and data reductionprocedureswill be
evaluated to assist in the interpretation of the measured data. Data
uncertaintiesand errorswill be identifiedand discussed.These uncertainties
or errors will be quantified where possible. Data uncertainties include
flight to flight variations, spatial variations and blas errors, payload
effects, data acquisition and reduction errors or variances, and changes to
the S_S or the launch pad. Causes of flight to flight variationsinclude,but
are not limited tc_ lau_ vehicle lateral thrust induceddrift, winda water 1
injectionflow rate variances,engine ignition and burn parametervariances_
separation device variancest and land_ impact variances, Angle of attack and _
turbulence are sources of flight to flight variations for transonic and ._
supersonic flight. Spatial variations refer to location to location i
variationsin the acousticenvi_t and spatlal bias errors arise from the
limited number and the non-uniform distribution of microphones in the bay.
Payload bay low frequency dynamic data is dramatically affected by the
l_yload, and j_ almost meaningless to discusswithout relating the measured
data to the specific payload, Payload effects will also influence the
acoustic environment. Data aoqutsttion and reduction errors oz variances can
be quite significant. These errors must be understood to properly interpret
t.hemeasured data. Finallx,STS and la_ch pad cha_gescan greatlyaffect the
payload _ _em_ic environment. Relatively minor ohanges in the launch pad
between STS-1 and S_-2 reduced the ovet_essLEe e_pertenc_ by the Orbiter
tenfolU on the seuond flight. (_anges to the Shuttle structure or the engines
for future flights may also drastically affect the _yload dynamic _:
environment.

17e

00000002-TSG03



i ORIGIt4AL PA'_E _

I, OF POOR QUALITY

'_ The report will also contain comparisions of the measured flight data withpredictions. For the low frequencies the measured data will generally be

compared to payload coupled loads analyses. Be acoustic measure:antscan be
" compared to model data and to analyses. Measured _.ta may also be compared to

payload test data. For instance,higher frequencyflight vibrationresponsos

_i'.-_ can be compared to payload ground acoustic test responses or low and mid
_, frequency flight transient payload responses can be compared to payload ground

! sine vibrationtest responses.
I Finally, the report will identify and discuss any deficiencies in pzesent :.I

Shuttle payload dynamic test and analysis methods uncovered durtng the

.... preparation of the report. A number of these deficiencies are already
commonly recognized.One example is the lack of a final payloadcoupled loads
verificationuntil the payload is nearly complet_ Anotherdeficlercyis the
need for a revised loads analysisfor all payloadswhen a payloadmix change
occurs for multiple payload flights. A third recognized deficiency is the
apparent conservatism in the current methods for combining payload low
frequencytransientloads and vibroacoustlcloads.

Low frequencyShuttlepayloadbay vibrationloads are highly influencedby the 4
payload. Detailedstructuralinformationand extensiveanalysisare necessary
to use low frequency response measurements to make loads predictions for _
future Payloade, The Payload ba_ acoustic environment is less sensitive to _
payload effects. These payload influences are generally more readily J
predicted. A staunaryof the measured flight acoustic data and uncertainties
in their interpretationare presentedherein.Taking these uncertaintiesinto
account, environmentalestimates can be derived with a high confidencethat
they will not be exceeded in flight. An example of how an acoustic :
environmentestimatemi@ht be developedfor payloads is presented.

A(_3STIC INS_R_Pa_TATK_

Shuttle acoustic instrumentation consists of the DFI _.ndDATE transducers. :i
The STS-2 payloadconsistedof the _ pallet in the center third of the bay :_
and the DFI pallet in the aft third of the bay. The full complement of DATE ,
and DFI transducerswere installedon STS-2. The STS,-Ipayloadoonsistedonly
of the _ pallet and I_I transducers. All I_TE channelswere recordedon the
Orbiter Experiments (0_()wide band F_.!recorder. DFI acousti_ channelswere
reo0rdedon the Ascent Recorderand the MissionRecorder.

Seve_ DFI payloadbay microphoneswere presenton STS-I and STY-2. There were
4 interior microphones on the bay bulkheads and sidewalls and 3 external
microphones on _ _load bq ax_s. External transc_cer VO6Y940Lqwas noted
as a suspect channel Ir_._TB Report 003. Data from this microphone are not
presentedherein. Orbiter location,frequencyr_sponse and model n_ber for
DFI microl_onesare listed in Table I. Installationand calibrationof these

. microphoneswas the responsibilityof O_nson Space Center,
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DATE instrumentatiGn was installed on STS-2 only. DA_ microphoneswere
: omnidirectional and were isolation n_unted" Seven microphone_ were installed

on the OSTA-I pallet and ei@ht were installed on the DFI pallet. DATE
microphone type, location and £reguen_ zes_oD_e_ azc listed ID T_ble 2.
Selection, insta]latioD and calibration of DATE transducers was the

resI_nsibllity of God.dard S|ace Flight Center (GSEC).

L_TA K_CTION

Dat_ _sed in this _aper are taken frum U%TE reports 0C2 and 003, F_ferences 2
and 3. T_,i__ta wa_ reduced by C_FC as I/3 octave band tlme historle_ A .5
,SCo__I_dtime consta,t was used durin_ data rc4uctior_ _he ma_imt_ 1/3 octave
Land levels for the five most sisnlficant events were tabulated by the
_uthors. The mission times for these everlts,tamely, main on@ins start {rough
burn at 20% thrust), nain engines on!y, liftoff exhaust deflection, transonl¢
fllght and su_e_sc.nie flight, are li_tcd on FITjures i and 7. %_e low
fr_uenc_ acoustic_ Jnduc_ L_ the _,er_ress_re at SFB ig:ition, evident on
t'TS-I, w_s almost non-existent on STS-2. Thus, data for this event is net
ir_ludec, _he spatial _;ean _:r_ stanCa_d deviation were. calculated fo_ each
1/3 octave Land, Spectra for each (_e_t were then plotted by hand,

Noise floor affecte¢' the"levels cf _ony transduce_._ abc_e I000 Hz. The data
(_ecuoed by the noise floor was eliminated fr_n, the s[ectral _.lotsduring the
ta_x_laticn_oce._. Aecordlr_ te Rockwell International, the chanrel noise
usa cjene_'ated L_' the re%errOr multiplexer.

ACL_,STICD_,TA5VALL_,TIOt_

%_e fizst ap[xoaeh to e%'_dL_tingthe S_S-2 data was a syste_,af/ccveflaylrg of
spectral BL¢,L_fro_,._ifferent raicr_ne_ C_l_3rir.g tt:edata fo_ each event
in this way indicated that, for a given event, there was little variation in
the data recolded by the n icrophones on the pallets. (An excei:ticr to this
was ceztain microphones near vent_, whist,exhibitor:discrete tones _t 315 Hz
for transonic and supersonic flight.) Acoustic levels at the Shuttle
bulkheads and side walls appeared to be oons_stently higher than pallet levels
L_..lew250 Hz. For subsequent analysis, the p_yloaebay w_= zoned into a s_.all
payload re_ion and a DuiKbea_/sldewall re_ion. The small paylc.ad __SJ_n is
characterized by a reasol_aDly dlfft;se sound field; that is, the acoustic
levels are not af£ecte_ by local t_tyload bay wall effect_ This i_ Izedi_t_d
by Keference 4 for payloads that occupy less than 6C% of the dirmeter o£ the
[aylcad bay. The validity of groupln.eall _allct microphones is c_nfirme4 L_]
the small 2 sigma values for the 1/3 octave band mean l_vel calculations.
Figure 3 compares th_ mean levels at the OBTA pallet and at the DFI for
li£to£f exhaust ckfleotior. This pl¢.t,%IscIndicate_ ._,edlcllfferencesin the
a_ustic le_f/s between the cer:te__r,_the."_t _c_ions of the layload bay for
the ST_ B_Icack CamI_risicr.d t_.__,e__.acoustic"l_el_ at tl_ OSTA pallet
a_6'at t-heEFI fo_ the other significant events 9iv¢. simila; results. It

: should be _oted that no payload microphones were in the forward third of the
bay. Forward bay acoustic levels may not r0ece_sarilybe irlerred fro,. STS-2
V,:_aSUl"L_nt6,

"\
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• The mean and mean plus 2 sigma levels for the five _TS-2 launch events are
'_ summarized on Figures ] and 2. Figure 1 show_ the means of each of the five
•i most signiflcant events. Mean plus 2 sigma levels are shown on t'Igure2.
|

i" Also shown for reference is the llftoff acoustic sl,ectrum specified in theSpace Shuttle System PayloadAccommodatlcndocument,Volume 14 (l_ference5).
::.. Liftcft has the most severe mean level_ at 132 dB overall. Main engine

,_ ignition mean levels were 126.3cB overall. Mean plus 2 sigma levels are 136

ii. cB overallat lifter and 130 dB during main engine start. But, v_rletione inthe data during SSME start are e.reatetthen during llftoff for several
_I_ frequencybands. The.2 sigma levels during main engir_ start are higher than
} at liftoff below 125 Hz (see Figure 2). Transonic mean values were 125.5 dB

overall compared to 123,8 _ during suI_rsonic flight (at 63 seconds after
i_ liftoff). A similar difference is seen in the mean plus 2 sigma data with 133

c_ overallat tr_._nic _nd 128 c_ during supersoni= Supersoniclevels may
be slightly higher than 128 dB overallat differentflight times.

Figure 4 ccalmresSTS=I end S_-2 puyloadL_l'_an ac_ustlclevels for liftoff
from the four inten_ DFI mlcto_ones. I_wel variations,general.lywithin_I
dB for each 1/3 octave band, are typical for other flight events. ST_-I and
STY-2 exterior lovels are compazed for payload bay ¢bor DFI microphone 9402
or,Figure 5. _he variation in exterioracousticlevel, also generallywithin
_I c_, is typicalfor other e_teriorr,,icrol1_meson the doo_s.

The mea_,s$,k_wall/htlkhead$9F,-2aommtic levels for llftoff are compared to
the OSTA/DFI pallet levels on Figure _. '..:ICewall/bulkheadlevels were
si_nlficantlygreater than S_2 [allet levels below 250 I_ _his effect is
evident for all flight events, but is most pronounced at liftoff. Liftoff
pallet acousticlevelswere 5-6dB below sidewall/bt_kheadlevels below 80 Hr.
During transonicflight sic_wall/_ikbead acoustic levels were 3-5c_ hio_'ar
than pallet levels between 80 _z _r_ 315 Hz. Data at s_-personicexhibiteda
si_ila_ chara¢cmristi_

Fig_re_i _r,d2 commie '¢h¢ _:a_ and mea: _lus 2 sigma ;ayl_a_a_ov_ti_lev_l_
far all significantevents to tt.cli_toffValise 14 levels,Reference5. S_S-2
mean plus 2 sigma overall acoustic levelE were 9 d5 Le]ow VoluP.:e14. _%.ere
are, however, z_number of unctlt.zintlesin the en%_ronn,entthat must be
consideredin dezivIPg_ayloed acoustic environmentsfron.:Shuttle data, _l_ese
uncertaintiesare discussedin t_e following sectiorb

_V_GN_IqTAL __IES

There are a numLer of uncertainties that r.,ustbe.considered _efore one can
derive a meaningfulenvironment for e payloac_ Uncertaintiesin the acoustic
environment that must be taken into considerationincludelay].c_dit_fluences
on the dynamic en_iror_ent,spatialvariations,bJ_ error_,,flight to flight
va_iatlor_,and data reductionuncert_ir,tleL,

i._ Large diameter payloads (greater than 60% of t_'c[,_ylead t:a_c/jemete_')cal.
_, have a significant effect on Shtrr.tlepaylogd bay._ibto_¢_u_ti¢ lcv¢lS, %T,e

optional ther,al radiator i_,the payload bay w_ll alrc Influ_ncc the bay
acoustic environment. IViCES,a cDmputer program developedby Bolt, Beranek
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and Newman for GSFC, is designed to predict the influence of large payloads
ar._ _ound ab_orbin9 areas on the acoustic environment inside the bay
(P.eference 4). Local variations of 7-10 dB are possible with some payload
configurations, Presently, PACESis being verified with the early flight data.

It is expected that small paylmds will not have a large influence on payload
levels. The small variations of mean eldewal_kheaO level_ for STS-1

,. and bT6-2 ream to bear this out. More data is needed to make this oLservation 1
a fi m oonclueion.

J

•. S_,_tiaa bzas errors arise from non-reFresentatlve positioning or smell numbers
of microphones. Biac error magnituSe_ from the spatial mean have been
calculated for ,_S-1 through ST6-3 by Bolt, Beranek and }_wmarb Reference 6.
However, there ere no published bias error values for flighls after STY3 at
this tim_ For SqS-2, P_erence 6 concludes that bias errors are negligible.
This is so because of the large number of transducers and their positions.
Thus, an ener_ average of all the acoustic data is a good re_esentation of
the spatial avera_

The s_tial mean enviroranent can be exceeded at 50_ or more of the locations
in the payload bay for any time segment. For this reason the mean alone is
rarely enough to adequately define an environment. _Iost organizations
developing payload acoustic criteria will add some factor to the n_ean level.
This increasesthe confidencethat _ payload'spredictedenvircranentwill nct
be exoeeded because of deviationfrom the mear_ However, payloa_ structural
responses will tend to average the acoustic spatial distribution. This is
anotherfactor that should be c_nsideredwhen accountingfor acousticsI_tial
variability.

Flight to flight variationsare another categoryof uncertainty. There is no
significant data yet on Shuttle flight to flight acoustic environment
variations. This variatior,may also be different for each flight event.
b'oceltests indicatethat launchvehicle _rift can cause ia_creasesof 3 dE o_ :
more in liftoff exhaust reflection ao_astic leve]_ launch vehicle drift is
cauJ_d _y the comblnation cr lateral thrust vectors and wind, Increased
reflected noise results when the exhaust impinges on the launch pad rather
than flowing through the SRE and SS_IEpad exhaust holes. Some heav_ lift
c_nfi_urat/onsof the Shuttle will leave the pad at slower rate_ _s will
result in more drift for the same height _ and thus greater reflect.ed
noise. Variation in the flow rates of launch pad water injection can also
affectnoise levelsfrom flightto flight. Static firingsof the main engines :,
have shown several dB variation in acoustic l_els _uring the rough burn at
20_ thrust, During transonic and supersonic flight the angle of attack aria
dyn_mlc pressure changeswill influence payload bay level_

Exterior noise levels offer a s_mpling of flight to flight variation
unaffected by payloads. But, there are so few external n,l¢=opbonest_othe

... viuinlty of the pa¥ioad bay that precision of results is questionable.
iL Standard ¢]eviatior_ and uther stati sticat properties of the data can not be
L " determlned for only 2 or 3 microphones. A large number of flights would be

:_ nece_saKy fo[ the data to be statieticall_ n,eanlngful. Finally, there are

1 .,so
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uncertainties associated with data reduc_ior_ This is especially true for
transientevent_ like those measured during Shuttle launc_ The Goddard data
used in thls report was reduced in I/3 octave band time histories with a .5
second everaglngti_ Bigher transientlevels are obtained if shorter time
averages are used. Small calibration reading errors are one type of rando_
error in a data analysi_ _ta rec_ctlonequil_nt and techniqueof reduction
can introduce large bias error_ into data. Tanner, Reference 7, has found
that the magnitude of Shuttle acoustic data reduced at different facilities
can vary _5 c_ or more below 100 Bz. This indicates that the analysis method
for data reduction must be carefully choser.

Our me_od of tabulating maximum event !eve_s was to pick the maximum acoustic
level at or near the event time c_ interest. Given the small size of the 1_2E
report figure_ this process often requires soe,e persoml juc_ement in pick£ng
the level, A careful transcriber can tat_late event, level_ with an accuracy
of ±.25 _ at best. Presumably, this type of reading error will cancel out
for a large n_z of readin@s (they will cancel unless the transcriber has
"bias"toward estimating up or down).

EX_iPLEACOUSTIC PREDICTION

A hypothetical example will be used to illustrate how the inclusion of
uncertaintiesand %_riablesillthe environmentmight L_.accomplished.

Mean _ayload bay acoustic levels for smaller payloads {not influenced by
sidewall effects)are given in Figure 1 for STS-2. To c_evelopacousticdesign
or test criteria for future payloads,errors or uncertainitiesmust be taken
into account for each flight event. Bias errors, which are average values,
are ad_d directly to the mean levels. Statisticallyindependentrandom errors
are incorporatedby suming the square of each error and adding the squ_re root
of the sum to the mean levels. The acoustic l_._elsfor the various flight
_ents, with uncertslnittes or errors included, are then enveloped to _tain a
_ingle maxlm_ _reclictedacoustic siectrcm for a payload. However, for this
exampleonly, it is assumed that the errors or uncertainitiesare independent
of.£1ightevent, thus the mean payload acoustic level for eada event ma_ he
cr.velopa6 first. Thia"envelopr _.e_, is shown in Figure 7.

For thic example the following formula is ,usedto pre_L_ maximum acot_stic
levels for a Shuttle p_yload.

l':r,a):= l"e•+ 1_ "_-I't.+ P_.* laps2+aPf 2] ]/2

%,hr-r__x " b_,:im_._acousticenvtror_ent .
= ['eor.acousticenv' ";nmentfor small _ayloads from STS-_ flJ_ht :i

data

l'_,P" : _ta reduction_ia_ errors i•'C E:pa_l bias e_rors a_islr_£rum non-r@ptesenta_i_positior_ng
_ol, cr s_ll number of .,icrophonee cn STS-2

:,_i{ -_, = Payloadc.iametct"effect

,- p_ = &_tial w,ri_.tior: _r,_e_t_,init_ within the _yload bsy
Pf = Flight to flight uncertainty
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=" ENVIRONMENTAL NOISE A£SESSHENT

'" .. S.T.S.-I COLUMBIA LAUNCH (U)*

.. George J. Putnlckl

The University of Texas at Dallas
!:i Graduate Program in Environmental Sciences ]
-!._ PAchardson, Texas "

_a ABSTRACT

Ii" An environmental noise assessment of the initial launch of the Space

- Transportation System, STS-I Columbia was conducted on April 12, 1981 by The

University of Texas at Dallas, Graduate Program in Environmental Sciences. _
The assessment was requested by Dr. Albert M. Koller, Jr., Chief, Environmen-

tal Management Staff, John F. Kennedy Space Center and was conducted in
cooperatiGn with the American Institute of Biological Sciences.

The John F. Kennedy Space Center is the principal site for launch of

space systems by the National Aeronautics and Space Administration. The
environmental effects of the STS launch activities at the Kennedy Space Center

were reported in the March, 1979, Environmental Impact Statement for the John
F. Kennedy Space center. Information obtained for expendable launch vehicles,
Titan, Saturn and Atlas was used to predict the noise levels that would be
generated by the simultaneous firing of the two solid rocket boosters and the
three Space Shuttle main engines.

The principal objective of the environmental noise assessment conducted
on April 12 was to measure thenoise generated during the initial launch of
the Space Shuttle to ascertain the validity of the levels predicted in the
1979 E_

Fifteen monitoring sites were established in accessable areas located
_' from 4,953 to 23,640 meters from the launch pad. American National Standards

Institute ANSI SI.4-1971 Type 1 and Type 2 Sound Level Meters were deployed
at four to seven hours prior to the scheduled launch. The monitoring equip-
ment has a sampling rate of 4 per second and a storage capacity of 8-hours
data. The noise descriptors recorded were the energy equivalent avera_

". sound levels, Leq(60s) and Leq(N). All measurements were A-welghted. The
. Leq(6Os) were converted to Sound Exposure Levels, SEL or Lax to obtain the

slngle event levels, At two sites, Type i, Precision Sound Level Meters were
used to capture the peak level during the launch.

_ Data obtained was compared to the predicted levels reported in the March
": 1979 EIS and were also _ompared to the identified levels, standards and

}. criteria established by the federal agencies with noise abatement and contgo_
r responsibilitiOs.

==_
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The levels predicted in the March 1979 EIS were 95 dB(A) at a distance
of 6 kilometers from the launch pad and 80 dB(A) at a distance of 17 kilo-

meters from the launch pad. The measured SEL's obtained at 6 and 17 kilo-
meters from the launch pad were 106 and 89 dB(A) respectively or 11 to 9 dB(A)

higher than predicted levels. It was noted that the levels from other sources"
of noise, namely helicopters and private Jet aircraft, exceeded the level
measured during the STS-1 Columbia launch at some of the monitoring sites.

: The levels at all of the sites exceeded the level Ide,tlfied by the U.S.
Environmental Protection Agency as requisite to protect against outdoor

actlvi_y interference but were within the margin of safety of the levels
;- identified by EPA as requisite to protect against hearing loss consideration.

None of the sites exceeded the U.S. Department of Housing and Urban
Development unacceptable site acceptabillty standard. Most of the sites were
in the HUD discretionary range where special approvals would be required for
HUD approved residential financing.

The levels at three of the sites exceeded the U.S. Federal Highway Ad-
ministration Noise Standard.

The levels measured at all of the sites were less than the U.S. Depart-

ment of Labor, Occupational Safety and Health Administration, Safety and
Health Standards.

The acoustical data used in the comparison of the levels measured during
the STS-I Columbia launch with the identified levels, standards and criteria

establlshed by the federal agencies represents a "worse case" condition since
the levels were Influenced by vehlcular traffic and spectators, an estimated

35,000 vehlcles and over 100,000 persons.

INTRODUCTTON "'

An environmental noise assessment of the initial launch of the Space

Transportation System, STS-I, Space Shuttle Columbia was conducted on April
12, 1981, by The University of Texas at Dallas, Graduate Program in Environ-

mental Sciences. The assessment was requested by Dr. Albert M. Koller, Jr.,
Chief, Environmental Management Staff, John F. Kennedy Space Center and was

conducted in cooperation with the American Institute of Biological Sciences.
Field monitoring was conducted on April 12, 1981, by personnel from the .... _=

National Aeronautics and Space Administration, John F. Kennedy Space Center, _ _

Patrick Air Force Base, Edwards Air Force Base, Vandenburg Air Force Base i
and the Marshall Space Center.

I " The John F. Kennedy Space Center is the principal site for launch of
space systems by the National Aeronautics and Space Administration. The

(_- environmental effects of the STS launch activities at the Kennedy Space Cen-

.L':__ ter have been subjected to a series of evaluatlons and are reported in the
March, 1979, Envirofd_e_st Impart Statement £or the John F. Kennedy Space

f,. Center 1. The 1979 EIS describes the ongoing operation of KSC for expendable l
I launch vehicles and automated _pacecraft, continued development of facility i

o 1

|94

Q

00000003-TSA09



capabilities and the follow-up operations of the Space Transportation System

and associated payloads.

Infot_ation on peak sound pressure levels obtained for expendable launch
vehicles, Titan, Saturn and Atlas wore used in the EIS for comparison with
predicted Space Shuttle levels. The acoustic level at STS liftoff was pre-
dicted to produce about the same levels as a Saturn V launch. It was pre-
dicted that the noise generate_ by the simultaneous firing of the two solid

"" rocket boosters and the Lhree Space Shuttle main engines will build to a peak
of 95 dB(A) at s distance of 6 kilometers, 3.7 miles, from the launch site

and dwindle to inaudibility over a period of approxlmately 120 seconds. At_.
6 kilometers from the launch site, the absolute sound pressur,_ level was pre-

dicted to be 123 dB. The predicted so, md pressure levels at the nearest main-
land area, 17 kilometers, 1] miles, was 110 dB or 80 dB(A)I.

OBJECTIVES

The objectives of the enviro_mental noise assessment of the initial

launch of the Space TransFortation System, STS-I_ Sp_ce Shuttle Columbia con-
ducted on April 12, 1981 were:

1. To provide the National Aeronautics and Space Administration
with sufficient acoustical data obtained during the launch
of STS-1 to ascertain the validity of the predictions made
in the March 1979, Environmental Impact Statement.

2. To compare the measured and computed environmental noise
levels obtained at various distances from the launch pad to
the identified levels, standards and criteria established

by the federal agencies with noise abatement and control

responslbilltles.

METHODOLOGY

The methodology developed for this environmental noise assessment was

tailored to provide acoustical data with sufficient accuracy for use in

determining the validity of the predictions made in the March 1979, Environ-

mental Impact Statement for _he Kennedy Space Center. Tn brief, the method-

ology can be characterized as follows:

4

I. Acquire and compile suitable maps and predicted sound level
_ Infvrmatloa,

_j. 2. SeLect monitoring sites on concentric circles at dtstances of

• approximately 5,000 to 24,000 meters from the launch pad. !

_. 3. Acquire the necessary monitoring equipment and prepare a
._ monitoring schedule.

4. Assign and train m_itorlng personnel in the use of the

monitoring equipment, i
_. Brief key NASA management personnel.
b. Conduct field monitoring.

195
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1. !i

i'"_: 7. Reduce and evaluate acoustical data.

/) 8. Draf_ report summarizing results.
I. 9. Edit draft report and prepare final report,

" -- 10. Present fina] report to appropriate NASA and AIBS officials.

I" Personnel from the NASA Environmental Management Staff provided the
I necessary maps and a copy of the March 1979 EIS showing the predicted launch

':. noise cont0urs.

1_" -- Fifteen sites were selected in accessable areas located from 4,953

I meters, 3.08 miles, to 23,640 mere_;, 14.69 miles, from launch Pad A. Table =
J" I shows the site designations, range in meters and miles and azimuths of the
I fifteen sites selected for this assessment. A map of the KSC area showing

the location of Pad A and the fifteen monitoring sites are shown in Figure 1.

All sound level meters used in this noise assessment conformed to the

American National Standards Institute, ANSI, SI.4-1971 Type I and Type 2,

Sound Level Meter Specifications and field calibration was traceable to the

National Bureau of Standards 2. A complete listing of the monitoring equip-
ment used in this assessment is shown in Table II.

The Type 2 sound level meters were deploye@ and activated from four to

seven hours prior to the STS-I scheduled launch. The Type 2 sound level

meters had a sampling rate of 4 per second and could store up to 8 hours of

acoustical data. At the four monitoring sites nearest to Pad A, the equip-

ment had a baseline of 60 dB(A) and a dynamic range of 64 dB(A). At all

other sites the equipment baseline was 40 dB(A) and the dynamic range was 64
dB(A), i

ANSI Type l p_ectslon sound level meterswere also used at two of the
r. manned sites, A-4 and A-13. The Type 1 equipment had a "peak hold" feature,

whereby the peak level during the launch was captured and displayed ....

The temperature, wind velocity and direction, relative humidity and
barametric pressure measurements made during the launch are shown in Table
III.

I
1

DISCUSSION OF RESULTS 1
,t

Upon completion of the field monitoring, the data obtained was analyzed.

The Sound Exposure Levels, SEL(LAX) , were computed and graphical presenta- i

tlons of the hourly energy equivalent average sound levels, Leq(H) , the day- _
night average sound levels, Ldn and the 60-second energy equivalent average I

sound levels, Leq were prepared for each site.

The day-nlght average sound levels, Ldn, were compared to the levels

! C" identified by the U.S. Envlronmental Protection Agency, EPA, requisite to

_] protect against outdoor activity interference and hearing loss conslderatlon 3

and the U.S. Department of Housing and Urban Development, HUD, Site Accepta-

I' bllity The cumulative energy equlvalent average sound levels,
Standards 4 .

Leq, were compared to the criteria established by the U.S. Federa_ Highway

196

00000003-TSAq 1



Administration, FHNA, for picnic, recreational and active sports areas,

motel_, re_idenc_s, public meeting places, schools, churches, libraries and

._! hospita!s5 and the U.S. Department of Labor, Occupational Safety and HealthAdministration, OSHA Safety and Health Standards6.

MEASURED SOUND EXPOSURE LEVELS, SEL(L_x)

Acoustical data was obtained at thirteen of the fifteen monitoring ulte.s.

/' Due to either human error or equipment failure, no acoustical data was ob-

,. rained at sites A-IO and P-3. Leq(60s) were converted to SEL(Lax) by using
the formula:

SEL(LAx) - (Leq(6Os)) �(10log1060)7

The site designations, range in meters and miles, azimuths, Leq(6Os)'s

and SEL(LAx) are shown in Table IV.

: A computerized contour map was prepared showing the Leq(6Os) acoustical
data and is presented in Figure 2. The contours appear to be slightly skewed

possibly the result of the lack of monitoring sites near the launch pad and
because of some unusually high unidentified sources that may have influenced
the data obt8ined during the launch at some of the sites.

REGRESSION ANALYSIS

Using data obtained at thirteen monitoring sites a regression analysis

was conducted to determine the relatlonshlp of the sound exposure levels,

SEL(LAX) to the distance £rom the launch pad. Usln8 a Hewlett-Packard, Model
9805A Statistics Calculator and Plotter, the coefflelent of determlnation,

r2 was computed for both linear and parabolic regression analyses, The
coefficient of determination, r2, is the square of the correlation coef-
ficient and is a value between zero and one. When r 2 equals one, the curve

fit is perfect and when r 2 equal zero there is no correlation between the
two variables, sound exposure level and distance from launch pad.

The linear coefficient of determination was 0.78 and the parabolic co-
efficient of determination was 0.88, indicating that the data best fits the
parabolic curve.

'i.. A plot of the parabolic regression is shown in Figure 3.

,-.' COMPARISON OF PREDICTED AND MEASURED SOUND EXPOSURE LEVELS

_ The predicted noise level generated by the stmultaneou- _ firing of the
"; two solid state boosters and the three Spate Shuttle ma_n englnes was 95

_ dB(A) at a distance of 6 kilometers or 3.7 miles and 80 dB(A) at a distance

of 17 kilometers or 11 miles. The measured sound exposure levels obtained .

..
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at distancon of 6 and 17 kilo_etern from the launch pad were 106 and f19dB(A)

ranpeetivoly or 11 to 9 dB(A) higher than th_ predicted single event loyola.

COMPARISON OF HEASIJRED ST.q-] LAUNCH LEVELS To CTHER SOURCES

_. At monitoring nit_,n A-15, A-20, P-6, L,It., P-4 nnd P_5, the Lo (60_)

":._0 lc.velo nf oth,_r identified end untdontJfi,d ,,_ourc,,,s cxet:ed,,d _he ST_ Columbia
"_ In*Inch level. At manned altt: P-h, holicoptor and prlvat,, }Pt alrcrnft Loq
"". (60s) love!t, ,,f 76 to 8fl riB(A) wvrv ro,:ordod as compnrpd to thv STS Columbia

_ launch level of 13 dB(A).
r

•" COMPARISON OF MEASURED I,EVEI,S WITH EPA IDENTtFIEI) LEVELS

The day-night average sound levels, Ldn, based on 8-hours or lesq acous-
tical data for each site were compared to the levels identified by the U.S.

-' Environmental Protection Agency as requisite to protect against outdoor
e activity and hearing Ioss consideration. :

_ The tevets at all fourteen sites mm_Ltored exceeded the level identified

•.. by EPA as requisJte to protect against outdoor activity interference but were
-;' within the margin of safety level identified by EPA as requisite to protect

against hearing loss consideration. It must be recognized, however, that
fm. the acoustical data used in this comparison represents a *t_ot'se ease" condi-

tion. It was obtained prior to and following the STS Columbia launch and
=_, was influenced by vehicular traffic and spectator noise.

A graphical presentation of the comparison of the Ldn'S for each site
.... to the EPA identified revels is shown in Figure 4.

COMPARISON OF HEASURLD LEVELS _fTB HL'D SITE ACCEPTABILITY STANDARDS

-_ The kdn'S obtained at five of the Fourteen sJtes were less than b5 dB(A)
and would meet the U.S. Department o£ tlotming and Urban Development, Site

) Acceptability Standards. The remaining nine sites had levels between 65 and
75 dB(A) and would require special approvals for HUD approved residential
financing.

_- A graphical presentation of the comparison oF the Ldn'S for each site
-) to the HUD Site Acceptability Standards is shown in Figure 5.

t; COMPARISON OF MEASURED LEVELS WITH THE FHWA NOISE STANDARDS

[.

. The cumulative Leq'S obtained for monitoring periods of four to eight
.: hours were used to compare the measured levelu at fourteen sitka with the
,_ • t'.S. Federal Highway Admintstra_ion Noise Standards. Three of the fourteen
'.. sites, A-4, A-8 and A-iS, exceeded the b7 dS(A) FHWA Standard. Site A-1 5

_!. was influenced by vehicular traffic pr_or to and following the launch.
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i A p,raphtcal prenontati_)n of the compartnon ,)f tile eumul;ltiv,, L,.l*t_ for

if" oath nito to tho Fltl4A Noine Standnrdn t:i :dlolcn In Ftguro 6.

o 1, C[)MPA_ISON tJF MEASURED LEVE],S W!T|I THE OSflA .)AI.ETY AND HEAI.TI| :J'I'ANDAI¢Illl
t

_ The cumulative,. Leq',q ohtntned for mull/LnJ:/tlg p,._/udu uL £uu_ Lu _lght
a" hourfl wore used' to compar,, tl., mo;ll.lr,,d Iovt_/_i ill £tJu,'t¢,t,n ;_ito:; with tl,_ .':.

I': Dopartm,,nt t)l Labor_ Oet'ut)ationa! Safety an. Ih,¢llth aamlnlntratl_m, :;af_ _,,
i" and Ilealti_ Stand;lrdf_. The lord.t3 moanurc,d ;it all. ttmrtt,on _lt_,:_ wore l..a_;

i,. than 90 dB(A) pcrmIt_slble noise oxpomtro limit e:_tahlt:_h_.d by I}.trqA for ..igllt
hours (,1" neeupational expo_lurt, ....

if,'j

CONCLUSIONS .ii

The following conclusions can be made as a result of an extetmive anaty-- !sis of the data obtained at the environmental noise _gd_- ,_-_at c:_dUeted on

the STS-1 Space Shuttle Columbia launch launch on April l,L, 1981

1. The predicted noise ]evel_ as presented in the Mar,_" .q¢ ') EIS..were ......

95 dB(A) at a distance of 6 kilometers fvc'. the . pad end 80
dB(A) at a distance of 17 kilometer- "'- ,e launtu _ad as ,.'o,-_ared

to measures of 106 dB(A) at 6 _, ,, ..... rum the pad and 89 dh(A)
measured at a distance of 17 k _ _.,eters from the lam_ch _ad. _'he : _
predicted levels were 9 to 11 d_A) less than the measur_-_ levels.

2. Other sources of noise exceeded the Leq(6Os) levels measured during
the STS-1 Columbi.a launch. The identified sources at site P-4 were
heltcogters and private Jet aircraft.

3. The day-night average sound levels at all fourteen of the sites where

acoustical data ,¢as obtained exceeded the level identified by the
U.S. Environmental Protection Agency as requisite to protect against
outdoor activity interference but were within the margin of safety
identified bv EPA as requisite to protect against hearing loss con-
stderatton.

4. The day-night average sound levels at five of fourteerl _IteS _¢ere

,_ less than the 65 dB(A) U.S. Department of Housing and Urban Develop-
meat, Site Acceptability Standards. The remaining nine sites had
levels between 65 and 75 dB(A) and would require special approvals
to qualify for HOD residential financing. None of the sites exceeded

[.. the HUD 75 dB(A) unacceptable level.

" 's obtained for tnonttoring period.,_ of four to eight'! 9. The cumulative Leq
I:, hours at all fourteen sites were less than tht, qo dB(A) permis.'ible .._
!-•

_. noise exposure limit established by the U.S. Department of 1,abut, i
_i OceupatLonal Safety and Health Administration's Saletv and Itealth

Standards for eight hours of occupational exposure.

. " 199 :t
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I
6. The ctanulative Leq'S obCatned for monitoring periods of four to eigllt f

hours at three of the fouzLeen sites exceeded the U.S. Federal High- !
way Administration Noise Standards.

4

7. The acoustical data used in the comparison of the levels measured

during the STS-I Columbia launch with identified levels, standards
=_ and criteria of the federal agencies with noise abatement and control

responsibilities represent a "worse case" eonditi,n since the levels _

"', were influenced by vehicular traffic and spectators, an estimated
._ 35,000 vehicles and over 100,000 persons.

q
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TABLE I

SITE DESIGNATIONS, RANGES AND AZIMUTHS OF SELECTED MONITORING SITES
4

SITE RANGE AZIMUTH

DESIGNATION METERS MILES DEGREES

2-3 °A-4 4,953 3.08 -_

A-8 5,130 3.19 317 °

A-2 5,334 3.31 186 °

A-9 7,360 4.57 331 ° '

A-10 7,360 4.57 262 °
A-15 10,482 6.51 201 °
A-20 11,151 6.93 288 °

A-19 11,374 7.07 237 °

A-13 13,047 8.10 170 °

P-8 14,943 9.28 310 °

P-3 16,058 9.98 207 °

P-6 17,396 10.81 280 °

L.H. 17,526 10.89 160 °

P-4 21,187 13.16 240 °

P-5 23,640 14.69 275 °

TABLE II 1

MONITORING EQUIPMENT AND APPURTENANCES i
J

No. Description

2 A.N.S.I. Si.4-197] Type i Sound Level Meters, complete with

preamplifiers, microphones, wlndscreens, extension cables, i _

tripods and calibrating screw drivers, Model: GR-1982. _!

4 A.N.S.I. Si.4-1971 Type 2 Sound Level Meters, complete with

microphones, windscre@ns, tripods and calibrating screw drivers. I
Model: db-652/301/16

ii A.N.S.I. SI.4-1971 Type 2 Sound Level Meters, complete with !

microphones, windscreens, tripods and calibrating screw drivers. _
Model: db-652/30t/14 I

3 Sound Level Calibrators, Calibration traceable to the National
Brueau of Standards. I Model: B&K 4230 and 2 Model: CL-302
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_, TABLE I I I

::"" CLIHATOLO_;[CAI, CONDITIONS DURINt; STS-I LAUNCH

- Tempe r_ t u r o: 58" F• .tom.tql .t*. * 00.@00#.#

_." Wind, Dlr or|on & Velocity: .....,, SE-2 MPII

_ Rein, lye Humidity: ............. .. 937., :

_.. tri 311 _')Barame c Pressure: ............. .,,

J TABLE IV

_ SITE DEST(INATIONS, RANGE, AZIMIITII,Leq(6Os) AND SEI,(Lax) :..

i SITE RANGE AZ/_IUTIt Lea (bOa) SEL (LAx)

DESIGNATION METERS MILES DFGREES .=dB(A.)_ __dB__

A-4 4,953 3.08 233 ° 93 111
A-8 5,130 3.19 317 ° 94 112
A-2 5,334 '3.31 186 o 84 102
A-9 7,360 4.57 331 ° 87 105
A-IO 7,360 4.57 262* (No Acoustical Data_
A-15 10,482 6.51 201 ° 82 100
A-20 11,151 6.93 288 ° 76 94
A-lg 11,374 7.07 237 ° 75 93
A-13 13,047 8.10 170 ° 77 95
P-8 14.943 q.28 310 ° 73 91

I P-3 16,058 9.98 207 ° (No Acoustical Data_P-6 17,396 10.81 280 ° 73 91
t,.H. I 7,526 10.89 160* 68 86

P-4 21,187 13. I6 240 ° 73 91
P-5 23,64(} 14.69 275 ° 69 87

L

!,.•

:f'. •#p
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U.S. D£PARTMI_ITOF HOUS'[N_AND URBAN DEVELOPI,SlIY - SiTE ACCEPTABILITY STANDARDS(7/12179)

ACCF.PTABLE_ iF l.dn DOES _iOT _XCEI.'D 6.5 dB(A).. .. "I

NORHAI.I.YUNACCEPTABLE; 1|' I.dp IS BETWE£N65 AID 75 dB(A)- SPECIAL APPROVALSRI_i'i_D

UNACCEPTABLE. IF I.dn ExcEEDS 7,%dB(A)

• . . . HO_ITORING F.C_UIPI_.I_ BASELIN£ - 60 dl(&) - ;.)YNA,NiCRANGE- 64 dllA)

• ALL OTllZR SiT£S...!IO_ITORIN(; EQUIPNI_T _ • iO dB,(A) - DYNA/qI.G_ ,m 66 riB(A)
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• OUTGASSING; ITS EFFECT ON _PACECRAFT

" - VIBRATION DANPING HATERIALS _

j, -

Michael L. Drake, Matthew F. Kluesener and Nil],am R. Goddard

,_'. University of Dayton Research Institute

ABSTRACT

/
,_,. The future trend of increased size and corresponding structural complex-

';:: Ity in orbital spacecraft leads directly to more vlbratlon-prone structures.

Concurrently, the increased utilization of steerable appendages provides; addltlonal force inputs to excite structural vibrations. Combining these ,
,. facts with the ever-lncreaslng mission requirements of maintaining dimension-

al stability and pointing and tracking accuracy, it becomes apparent that the

advanced development of spacecraft vibration control is necessary.(ref, i)

A promising method for obtaining required vibration control is the

incorporation of active vibration control systems and passive damping designs

into the spacecraft structure.(ref. 2,3,4)

One major concern for any passive dampln$ system is the environmental

effect on the damping properties of the material. The system must survive
the environment. To date, little information is available about the effects

of the space environment upon damping material properties. The following

paper presents the results of an experimental test series conducted to
evaluate the effects of high vacuum exposure on a group of com_ercially

available damping materials.

INTRODUCTION

The use of spacecraft is increasing in the areas of earth navigation,

weather forecasting and communicatlons.(ref. 5) Larger systems for the

future are imminent, many evolving from new civilian missions.(ref. 6) The

points common to most future systems will be a larger size, with the corre-

sponding increased flexibility, and performance objectives, requiring fast
• settling times and precise geometric control. Dimensional tolerances for

high energy and surveillance electro-optical and electromagnetic systems• !

approach 1/50 of a wavelength. Such tolerances must be maintained not only

doring orbital operation, but also must be rapidly regained after any

:: required orbital man_avecs. A successful vibration contro_ approach must
'. combine the best isoiation of vibration excitation sources, shaped conLrol

force inputs, and active modal control systems with passive damping.(ref. 2,7)

" ),

_ . *This papec is based on work performed under the sponsorship and technlcal
_ direction of the lnternatlonal Telecommunication Satelllte Organization

V_ (INTELSAT) Any views expressed are not necesssrilv those vf INTELSAT.
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PASSIVE DAMPING DESIGN REVIEW

To date, most vibration control d_velopm_nt for spacecraft nyntemn han
been in the area of actlvo contro!.(ref. 8) There has boon lJttlo effort in

dovelobmont of passive damping technique_ for spacecraft _tructures.(rof. 9)

The validity of the passive damping approach to the solution of a
vibration problem has been well established on oumorotls aircraft and Jot
engine proJects.(ref. 10,11,12,13)

Passive damping designs are like any other successful designs in that
they are developed through a logical progression 0£ data collection and
analytical procedures. A haphazard approach will lead directly to an unsuc-
cessful design.

The design methodology successfully used by UDRI consists of the follow-
ing steps.(ref. 14)

The first step is verifying that the vibration problem is caused by
resonant vibration in the structure. In the initial design stages, this

means analytically determin_ng the resonant frequencies of the structure and
relating these frequencies to the anticipated force versus frequency inputs
for the structure. This data directly leads to the location of those

resonant modes requiring damping. If the particular structure has reached
the proto-type state before problems arise, similar data is collectable from
experimental tests.

If the results of step one indicate that increased damping is required,

a complete dynamic analy_sls of the problem resonant frequencies must be done.
Knowledge of the mode shapes and inherent structural damping of the modes is

necessary. Once again, this data can be obtained from either a reliable

analytlcal model for initial design phases, or from experlmental tests

conducted oa a proto-type structure.

The next step is the definition of the environment in which the damping

design must operate. A primary design concern is the temperaLure environ-

ment. Damping properties are very sensitive to temperature. Improper

- definition of the operational temperature range will eliminate any chance of

a successful damping design. There are three basic g_aaperatures needed,
Knowledge of the upper and the iower temperature extremes which the damping

design must survive is necessary. Also needed is the temperature, cr

temperature range, over which high damping is desired.

The other major environmental concern for spacecraft passive damping

design ia the effect of _he space environment on the damping material.
Little or no data is av'tlable about the effects of the space environment On

material damping properties.I,

f With the completion of the first steps, the prohlem has been completely/ defined. The structural dynamics causing the problem are known and the
f' -. environment the damping design must survive is also established. At this _

o} point, the designer can choose the proper damping configuration and material 'i

1
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to begin the procedure for an optimum damped design. Con_tderations ml,zh as
the size, watghc dimensional fit, and other factor_ mufti also he reviewed in
the final deciflion.

The den!gner taunt havn total confidenc,_ In h[n choi.co of dnmptng nynt,,m.

The da_p_ng nyntom taunt remain functional in the heave environment for tht,
entirety of the spacecraft's exp,,ct_d life. Current lifo expencten,_y of

0"" communic_tion spacecraft lfi fioven to ten yoarfi The lack of data rolatlngj. I

.--, damping material property arability to time exposure of npacecraft tn high
vacuum spac_ envlronmant_ prompted thin ntudy. 'i'nl_ pnper pr,._ent_ the
results of a high vacuum exposure test aerie8 on olght commercial ly avatlabl_#

damping materials and suggest_ further progran_s whl_:h will develop the
" raqutred data to enable confident use of passive damping designs In large
- space structures.

"" TEST SERIES CRITERIA

The characteristics of space environment include ultrahigh vacuum and
,e various types of radiation. In many spacecrafta with optical and precision
- instruments, there are stringent outgasstng requirements for all construction

materlals. This combined with the fact that polymeric materials generally do

outgas , led this =esearch effort to study only the effects of

ultrahigh vacuum exposure on various polymeric material damping properties.
" (ref. 15)

--- Outgasstng is directly proportional to the exposed surface area of

_'- material. Any outgasslng component must diffuse through the material to the
_:_J surface, where the difference between the material vapor pressure and

?

environmental pressure can allow an atom or molecule to overcome surface

tension and escape. (ref. 16) Outgasslng and thermogravimetrlc analysis data

are available for many materials, but no correlation to the stability of
J. damplng properties has previously been attemped.(ref. 17)

Currently, con_r,erc£ally available polymeric damping materials are not _.
speclflcally formulated wlth spacecraft applications In mind. This test
series was devised to obtain basic Informatlon from off-the-shelf damping

materials. The test results could be considered as a guldellne toward the

application of these materials.

Eight materials were selected to form a representative cross section of

those polymers having both ready availability as commercial damping materials

and desirable properties. The materials evaluated are listed In Table I.
This table lndxcates the temperatures at which peak damping occurs at 1 Hz

and the type of beam specimen used in the vacuum exposure tests. These

materials as a group cover the temperature range of -850C to 38°C,

_ EXPERIMENTAL APPARATUS AND TECHNIQUE

[ The material evaluation was _onducted usi_,g the recommended ftxture,
_ equipment, and procedures outlined in proposed AS_ standard E-33 "Test
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I

! M,_thod for Measuring Vibration Damping Propmttos of _Latortaln". Depondinp,.
upon the modulu_ _, of the material evaluated, either an f}bor,_t, mad.i fled Oh,:rnt,
or nymmecric nandwieh cnntliovor bonm l,q .m,d [n the r_o;_t. The throe, typ_m
of t,mt h_..,amn;ira l.]lii_tratod :l_a Flgurt2 l.

A block dlngr;im of the evniu;it Ion nynt_,m I,_ nhown :In l_'l.V,u.ro 2. 'l'h_.
m:1£J,rJ_;l], t_'t-_t bl,;im In excited nt lI:_; n;it.rn.]_ fr_,qlmne!nn by _in,. of ;_ mm-
contac_tln_, m,_ff,nntl_' drl.w, nw_tom whl,.ll !r, contr, l lod by n prv_'Inlon I roq.orl_y
:_vnth,_'slzor. The ht,;im ro:_pon._o -It_ ll.,;t,qtlrod with an _leeo],.rlJln_,IL_.r. lhtll-po_,r

I. bandwidth ml_a;111rolllt2lltP, at,, m;llh, for _";II.'Ii Irf, l.14,11,'_nL m_.lo. TI., tl,lll[..r;ll__iro _iI
': th,_, hoam ,rod fl.xture are ch,'mgt, dnt d l.wret_ ll1,'romt.nl:,t; uotl! t,1., nnefu]
i tempurat.re r.nl;e ,,I lho m;itvr!;ll l;; cuvered. A c,_mplelo descr!l,l !,,n el t.hl:_

) te._3[ ptocudure Is given In Reference [8.
I

i i" The _.xperi,,,ental tt:st data are the ,n,,d,,! ,In,_pln. fa,'r,,r._ and re._orlarlt

i'I t'req_n_i_s u£ _he composite test beam. While exact material l>ropt, rtle,_ are
not readily apparent in this Form, the general trend oF tho material behavior
is evident, it is therefore common practice to plot the composite stru,:tural
loss factor (q_) versus temperature for any material being evaluated.

Exact material damping properties can b_- determined from the experiment-
al data tl_rough the use of 4th order beam theory equations. The data reduc-
tion employed at the UDRi results in material properties on a reduced

temperature nomogram which is illustrated in Figure 3. _is format shows th_

. material data as a function of both tem1_erature and frequency, and is useful
when incorporating the material into a damping design. A file of nomograms

for commercially available damping materlal_ permits one to choose the

material best guited for a given application.

TEST SERIES PROCEDL[AE AND RESULTS

From the outset, %t wa._ decided to collect experimenta] test data for

each material as a function of vacuum exposure time. A typical set of

experiment data is shown in Figure A. A quick comparison with the Jnitial
baseline results would indicate any trend developing in the material

behavior. Tn_n, if the change was determined to be signlficant, the

experimental data would be reduced to obtain the outgassed material damping

properties. This information would help to determine possible improvemotlt._

in the composition of the material, as w_:[l as other related fn_tors.

Each beam was individually installed in the standard test fi_tu_, and

Baseline experimental data (frequencies and modal loss factors) were

aequired under normal atmospheric conditions. The beam wa._ then placvd [n

" an ultrahigh vacuum chamber and exposed at room tempcrnture to a prussure of5xlO -6 Tort or less (ref. 19), for a measured period of time. Then the beam
i "' was removed from the chamber, reinstalled in the test fixture, and experi-
_ _!i " mental data again taken, rhe beam was again placed in the chamber° aad tht'
• _ process repeated. This process continued until each beam had received at
_'l, least 450 hours at exposure time. The minimum exposure period was 12 hours

..:I _.:'. durat ion.
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The rate of vacuum pump down for a typical test run is shown in
Figure 5 and the vacuum system is shown in Figure 6.

Test results for a given material at each exposure intervn] were

compared to the baseline data to determine if any slgnlflcan! ('h;)ngein

damping properties was deve]oping.
h

The first three materials (3M Company's ISD 112, ISD I]0, and The

Soundcoat Company's Dyad 601) were evaluated to test for trends in damping

properties versus w_cuum exposure flare. ,.

significant change was noted in the loss factor values after the i :]A

initial vacuum exposure per_od for each material. However, the loss factor i
values tended to return to the baseline values as total exposure time

increased. Variability was noted in the temperatures at which peak loss "I

factor occurred, and in the resonant frequency for each mode as well. Each " ]Jel the three materials was placed in the vacuum chamber for a final exposure

of 240 hours. The material properties then showed a tendency to stabilize. I
Table 2 contains the complete set of test data for material ISD 112. Figures

7, 8, and 9 show the structural loss factor versus vacuum exposure time for i
ISD 112, ISD iiO, and Pyad 601 respectfully.

The initial practice was to remove one beam from the chamber and install i

another. This would permit the damping properties of one beam to be ]
evaluated while the other was exposed to vacuum. The material evaluation i
test was of a short duration relative to vacuum exposure time, so it was

common for the evaluated beam to remain in a normal atmosphere while another 1
beam finished its time interval in the chamber.

i
After completing the first three material tests) it appeared that the

scatter in the data may have been caused by changing atmospheric conditions
when the materials were removed from the ultrahigh vacuum to be re-evaluated.

Specifically, varying room humidity levels between tests, or different

lengths of exposure to normal atmospheric conditions between vacuum exposures,

may have contributed to the variability in the data.

Toreduce the effect of changing humidity on further tests, a new
procedure was incorporated. When the test beam was removed from the ultra-

high vacuum chamber, it was p]aced in a bell-jar vacuum chamber, which was

then evacuated to a pressure of approximately 10-3 Tort. The specimen was g
removed only long enough for damping tests and was then returned to the

bell-Jar. The level of the vacuum in the bell-jar was not considered

slgnlflcant, therefore the time in the bell..Jar was not added to total

exposure t_me.

....... The new procedure was used to evaluate the second sat of five damplng

:- materials. For comparison purposes, it was decided to place the material

, test beams together in _h: ultrahigh vacuum chamber t,_receive identical

° exposure times. Although it was expected that the combined effect of out-

_assin_ from all fiv_ beams would sllghtly rais_ the preasure, this was not

considered to be o} great importance.
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As in the first three materials, a significant change in the loss factor
values for all five materials was noted after initial exposure. These values
tended to move toward the baseline rapidly as exposure time accumulated.
There tended to be variability in both frequency and temperature of peak loss

factor from mode to mode, but it was not as significant as with the flrs_
three materlals, it was decided that this difference must have been a result

of the reduced exposure to atmosphere durln_ evaluation. For all five

materials, the frequency and temperature of peak loss factor for each mode
after 1000 total hours of vacuum exposure was not dramatlcally changed from

the baseline. Figures 10, 11, 12, 13, and 14 illustrate the results from all
5 materials in this second test series.

There were trends in all elglat materials after their total exposure
which leads to the belief that the materials will be stable in the vacuum

environment of space. Much longer exposure times would be required for any

generalization of the data. The materials as a group tended to remain more or

less stable, but there were exceptions. It is felt that each damping
materlal should therefore be appraised individually, as any difference in

behavior is directly connected to the composition. Any material which may be

utilized in a contralned layer damping treatment should be slgnlflcantly

isolated from the space environment, thereby minimizing long term reliability

p rob lems. :I
I

RECOMMENDATIONS FOR FURTHER STUDIES :I

Based upon the results of this test series, various recommendations may
be made for further studies.

It would be desirable tt_design a test fixture which would permit a I

given material test beam to remain in an ultrahigh vacuum chamber for the

duration of exposure time. That is, all testing would be conducted without
removing the test specimen from the vacuum chamber. , A means for accurately _1

and uniformly controlling the temperature of the bea_-during each test :({
interval would be needed. Incorporation of a drlvo transducer and response
accelerometer would be relatively straightforward. This set-up would J

eliminate any variables resulting from atmospheric exposure, such as absorb-
lion of moisture.

Determination of outgassing components by addition of a Quadrapole Type :_

Residual Gas Analyzer to the ultrahigh vacuum chamber would be helpful. A
correlation between outgassing components and material damping property

changes would assist in devising new or lntproved materials.
i

It would not be difficult to include an ultraviolet source in the test

chamber. Previous extensive studies have indicated that this is an important

Lype of exposure affecting material properties. As with outgassing, correla-
ion studies of ultraviolet exposure and damping properties would be -_

beneficial. :i

A test series to provide long-term exposure data in a simiihlted space {

environment for commercially available .Jamping matcrlals is needed. This

i
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_ould provide definite conclusions about the practical application of each
material In spacecraft design. This data would also be useful when devising

new damping material compositions specifically for spacecraft use.

A goal of any future studies should be to establish both a standardized
• set of environmental condttl,ms and a practical test apparatus for the

purpose.

m.
!

l

D
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TABLE I
MATERIALS EXPOSED TO ULTRAHIGH VACUUM

, Temperature (°C)

Test Damping of Maximum Loss Test Beam
Beam Nc. Manufacturer Material Factor at I Hz Type .

1-01 3H Company ISD 112 -25 Sandwich

I-O2 3M Company ISD ii0 i0 Sandwich

1-03 Soundcoat Co. Dyad 601 -23 Sandwich

1-04 3M Company NPE-9046 55 Sandwich

.._

I-05 E-A-R DIv ISODAMP 27 Obers t 11
...... Cabot Corp. C-1002

1
1-06 E-A-R Dlv. EXODAMP 24 Oberst

Cabot Corp. C-2003 i

1-07 Soundcoat Co. D 38 Sandwich
t
,i

1-08 3,_!Company ISD 830 -85 Sandwich i
7

!

:t

,I

f_,g

.i
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OF POOR QUALITY

i

-_ "OBERST" TYPE

t SPECIMENL

I"

i'i I !h MODIFIED"OBERST" TYPE

SPACER L -_ hD SPECIMEN
s

SANDWICHTYPE

L __1 _ SPECIMEN-7 h

Figure I. Vibrating Beam Test Specimens

L

t:.

220

P - - .... _ ............. TTTZ Z--___. _TLZ_ -

00000003-TSC08



_ t

00000008-TSC09





!.

t
!.

OF _,-" '"

3M ISD-II0

Beam _-02

.01
50 100 150 200

Figure 4. Los Factor vs FempctatuP¢ for ISD-i !0 at Zero tlours Exposure

i

...... -;L"-- ............. : : - -'_....

O0000003-TSC 11



f- .,¢

ORIGINAL PP,OE
,_o OF POOR QUALITY

L_I i0-5 Proanuro, Torr
• 10-6

_. 10-8

)

H

01o

= 12

t (hrs) ,,,-,I]
0 Press

l 2.5 x 10 -6 Avg.

.... l 7.5 x 10 -7

2 x 10 -7
l.Sx

3

1 x 10-7
4 8.9 x 10 -8_ 7.8 x 10-8

., 5 7.3 x 10-8
6.8 x 10 -86

6.4 _ 10-86 x 10 -8
7 5.8 x 10 -8

5.5 x 10 -8
o 8 5.5 x 10 -8

5.5 x 10-8

i 5 x 10 -8 5.2 x 10 -8
'_ 10 5 x 10-8

5 _¢ 10-8
., 11 4.9 x 10 -8

4.8 x 10 -8
12 4.8 x i0 -8

4.8 x 10 -8
__,_ .. 13 4.6 x 10 -8

.... 4.5 x 10 -8t3

"_ 16.54 TotaJ area

/ .). Press-hrs,
i Time av_:, Press =

1.27 x 10-7 Torr
for 13 hours

l"i/,tur_ 3. T.vpi_l ('hamber Pressure During InitiuI Vacuum #.Xl)Osure



" ORIGINALPA,]_.15
OF POORQUALITY

_i [! 7 : 1

I ':2 -.

_ . j c

N
f-t.
t',

IL

1. Cylindrical stainless steel vacuam exposure
chamber, _ 1.5 ft3

2. At,tess port for test beam placement/re, nvoval

3. Nitrogen gas inlet: for pur,_l{ng system
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5. Ac'e0_,_ valve to Ion pump

6= ton pump (below _._ lxl0 -4 Torr.)

7. [ot't Vacuum gage

Figure 6. Llltrahigh VtlCtltlnl ('h.'m_bcr and Svstt, m as tlsed for

--t Fxposure Test Scri_s
C

_.,. _:.-_ 7--,. S-_7..___.---7-: - _..._'._'.-,/i._. ,i._ *..i ............. ._!_.._o.:,.-,,.,_:;............... ,............. ._""__".....

........ 00000003-TSCI,_





ORIGINAL PA_E f_
OF POOR QUALITY

-8

o- _ !m

t

3 1
- ,_

u. l

]

_ ,,_

.J
1

I_ 0 0 .:i

¢ i
227

00000003-TSD0]



ORIGINAL pAGE IS
OF pOORqOALIW "

00000003-TSD02



00000003-TSD03



O

0 o o o i

230

00000003-TSD04



• I

: _ -8

.8

o

_ a. !

" i

' i'
i i

mJW -;
4

-_ I I I I I I I

S
i

' 231

.!

" _i-- ,_-_'- , - . _ ___.._.:.__ ___ i=\_=_- 2_.-_;_T_2_.._- -_ :

00000003-TSD05



232

00000003-TSD06



_" 0

_' e,- _ In _' 00 0 0

233

O0000003-TSD07



_"_. /i_)1.7--

/" _ r,

.,_ ;-- - È-" ERRORS ASSOCIATED WITH SHUTTLE ACOUSTICAL

DATA REDUCTION TECHNIQUES
i

" C.S. Tanner
_._. The Aerospace Corporation

7_
" ABSTRACT

M _

Comparisonof"acousticdataearlyinthe Shuttletestprogram
m. resultedin a concernabout datavariationsattributedto data

*.: processing, instrumentation, and methods. As a result, an acoustic
• calibration tape was generated and copies circulated to various

_ agencies and companies for processing. Results of the requested
one-third octave band processing are presented and illustrated the ..-

_ magnitude of variations which may occur when a variety of data

i processing equipment are used.
i

i
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THUNDERSTORM OVERFLIGHT PROGRAM

O. H. Vaughan, Jr.
NASA/Marshall Space Flight Center

lluntsville. Alabama 35812

B. Vonnegut
- State University of New York at Albany

Albany, New York 12222

M. Brook
New Mexico Tech

Socorro, New Mexico 87801

R. E. Orville

State University of New York at Albany
Albany, New York 12222

ABSTRACT

Photo-optic,,d measurements were made during the spring and sum-
mer of 1980 from an instrumented NASA U-2 aircraft flying above

thunderstorms. The airborne instrumentation showed excellent cot- !
relation betwe,ea the optical signatures and the ground based signa-

tures of cloud-to-ground lightning discharges. Optical signatures of
the cloud-to-ground lightning discharges could be clearly detected
from above thru the intervening thunderstorm cloud, i

For the spring program the U-2 aircraft was modified to include a i
slow antenna field measuring device, a spectrometer made by placing ._
a grating in front of a NASA CCD line scan camera and photographic
system of three Vinten cameras employing 70 mm film. This _mera I

system is arranged so that it could be operated in the open-shutter i
mode at night to provide photographs of lightning cannels and cloud
structures illuminated by lightning. !

4

Over 100 lightning flashes were recorded by the photoelectric optical "ri
recorder, the slow antenna, and the spectrometer. Data and analyses
are presented.

i
1
.!

!-_" :5
h_ i

;t !
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;" DESIGN AND DEVELOPMENTOF THE ERBE OATh MANAGEMENTSYSTEM

,.': James F. Ktbler ORIGINAL PA(_ f_
_ NASALangley Re,ear.oh Center OF POOR QUALITY

_: ABSTRACT

_:i_ Earth RadiationBudget Experiment(ERBE) instrumentswill be launchedon
Shuttleand two NOAA satellitesIn the IgBa-lgB5time frame. The data from
these instrumentsw111 be processedat the NASA LangleyResearchCenter using
algorithmsspecifiedby an internationalERBE ScienceTeam. The ERBE Data

_ ManagementTeam Is developingthe processingsoftwareusing an Iterative
approachof three releases,each of increasinglevels of complexityand
solidity. Results from ReleaseI developmentindicatethat problemareas can
be identifiedat an early stage of the developmentprocess. A Release2
status report Is presentedto identifythe major steps In the design and ..J
Implementatlonof the softwaresystem,,

INTRODUCTION

An Earth RadiationBudget Experilnent(ERBE)payload Is currently
scheduledfor a ShuttlelaunchIn mld-1984 (refs.1-3). Two other nearly :_
identicalinstrumentpackageswill be launchedon NOAA operationalsatellites
(TIROSF and G) in 1984 and 1985. The Instrumentsw111 sense longwaveand j
shortwaveradiationfrom the Earth as wellas total radiationfromthe Sun to j

monitorthe long-termenergy balanceof the Earth at variousspatialscales

rangingfrom 2.5° regionsto global averages. Table I summarizesseveral 1
pertinent Instrument measurementparameters. (

A11 of the ERBE data wl]] be processedat the LangleyResearchCenter I
(LaRC) into usable scientificoutput products. An InternatlonalERBE Science !
Te_n (ref. 3) has been assembledto provide guidanceto the developmentof i
the sciencealgorlthms(see, for example, refs.4-6) and to interpretthe ..._
resultingdata products. Using ScienceTeam specifications,the ERBE Data (

- ManagementTeam (Table If) is designingand developingthe computersoftware 1
which will processthe ERBE data. An Iterativedevelopmentappr'oachhas
been adopted which provides for three releases or versions of the processing !
system, each of increasing levels of complextl;y and solidity, The ftnal t
release of the syst,em wtl1 be used tO process the flight data. The .qoal of :!
this developmentapproachis to be ready for f11ghtdata processingat the
launch of the flrs& satellite, _

I

This _aper describesthe ERBE softwaredevelopmentapproach, lhe major
phases for each tterattve release consts& of speGtftGa_tons developed In
concertwlth the ScienceTeam, pnellminarydesign,subsystemreviews,codlnq, I
subsystencode walkthroughs,syst_n testing,systendecumentatlon,and

,, projectstatus review, ReleaseI of &he ERBE Data Manage_eri_System h_s .been
._Q cO_letetl and a _tatus report of Release P.activities ts presented,

...... . - , o _ ,_ ,, , .. q=._::_::_::___._ v-,-_t,/_ --:- _o ' "o '' ,
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ORIGINAL FAG'7.IS
OF POOR QUALITY

ACRONYMS

CIIC ControlData Corporation

ERBE Earth Radiation Budget Experiment

_': ERBS Earth RadiationBudget Satellite

'. GSFC GoddardSpace FlightCenter ' .J

LaRC LangleyResearchCenter

;' MAT Master ArchlvalTape

_+', NESS NationalEnvironmentalSatelliteService +.

NOAA NationalOceanicand AtmosphericAdministration

e_ NSSDC NatlonalSpace ScienceData Center .'

;- TDRSS Track4ngand Oata Relay SatelllteSystem "i
!J. •

-.,

_ DATA MANAGEMENTSYSTEM.R.E.qUIREMENTS

,._ The ERBE data processingsystBn at LaRC must performseveralmajor
_._ functions. An overviewof the processingflow is presentedin figureI. The
:-' diagram Identifiesinteragencysourcesof data and indicatesthe major_)

processingsteps requiredto producefinal output products. As indicatedin
_... the flgure,ScienceTeam val;dationis an iterativeprocesswhich may involve
_- changesto algorithmsor model coefficientsat any stage in the processing

LI.I flow.

i._ EXTERNALDATA INTERFACES

Severalsourcesof data are shown in figure t...Correlativemeasurements...............
are receivedfrom NOAA and must be reformatted and edited ;_eforebeing used :
by the SCience Team to validate the ERBEdata.

Spacecrafttelemetrydata for the TIROS satellitesare receivedand
initially processedat NOAA's NatlonalEnvironmentalSate111teServlce
(NESS) in Suttland, Maryland. Goddard Space Fllght Center (GSFC) will
receivetelemetrydata for the Earth RadiationBudget Satellite(ERBS)which
is launchedon Shuttle, These telemetrjfdata containthe ERBE radiometric
data as well as key Instrumentand spacecrafthousekeepingparameters,and
are shipped fr_n the receiving agency to LaRC using magnetic tape for each

.... 2_-ho_r-per_i_-Qf-deto, ._

I" Spacecraft orbit data for all three satellites are processed at GSFC.
Alr Force trackingdata are used to providepositioninformationfor th_' t

L_ TIROS satellites,and TDRSS data are tjs1_to calculatedefinitiveposition

O0000003-TSD13
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i Intormatlon fnr the ERBS spacecraft. A weekly set of orbit informatlon is ._transmitted to LaRC on a magnetic tape for each satellite.

1- 1
GSFC Is also responsible for ::alculatin_l definitive attitude parami+ter_

! for the ERBE spacecraft. The_ calculations are ha_;ed upon ,_asurmm_nl:s
i- included in the telemetry strealn trom the onb_)ard attitude cofltr_)l _ysteln.

' If the onbeard system Is not _ufflcl_ntly accurate, qrmmd-proc_,qml att it,d_
data will be appended to the magnetic tapes whlr.h contain t.hr_ FRIIFi telem_,try

i

data. i!

Figure 1 also 'lr0dtcates data :flterface_; f_r pr_lucLs qen-r,lt.J, hy the: i
_'- ERBF rata Managmnent SySt_, The_e data prod_Jct__a_ initially revi__Ld by :_

the Science Team to assure that they are accurate. After val Idation, the I

data products are released for initial science Investiqations and for i
archival at the National .Space%ience Data _enter (NSSDC) at GSFC. -

TELEMETRY DATA PROCESSING !
The first steo in processing the telemetry data received from NOAA and

GSFC is to make these data compatible with the ERBE processing systmn and to
ensure efficient operation on the LaRC central computer complex. During this
processing phase, the data remain in a 1G-second logical record format
provided by NOAAor GSFC, Individual records, however, must he reformatted,

=1 and all decommutations are performed. All housekeeping data are converted to
engineering units, ,and editing checks are applied to instrument and. ..
spacecraft housekeeping data outputs and to the rates at which these change.
Statistical computations include means and standard deviations of
housekeeping attitude data. Checks are also applied for time consistency and
redundancy, and data editing flags amm inserted into the prlma_y data steeams
for use at other processing stages. A quality control report summarizes the
editing and statistical computations to indicate the volume and type of
errors encountered. The principal data set resulting from this preprocessing
phase is the edited instrument and spacecraft housekeeping measurements to be --ipassed to the merge phase.

J

ORBIT DATA PROCESSING 1
.4

Spacecraft orbit data and ephemeris data require some reformatting to i:I.._ensure compatibility with the LaRC computer complex and with the other input

_I data. Initial editing of the satellite and solar position data is performed iat thls stage to assure that valid position information is used in Izter .Ip_cesslng. An editing s_ImmaryIs produced for data quality analysis and an

i orbit groundtrack plot Is produced to be used in fieid-of-viewllocation _-" validation. The principal data sat produced at thi_ phase is the edited
:-] orbit and ephemeris data which will be |nput to the ,,w_rgephase.
i

-'!., ATTITUDE DATA PROCESSING

_:;_" The definitive [R85 attltude data are provided as a separate data.stream _._
- by 6SFC and require so_ reformat:Ing and edltlnq. Crlterla for Inltlal

spacecraft attitudB chBcks io{1_dB pl_c-l_rol)_ and y_w wlt_In ac_ceptahle
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limits and acceptahle rates of change. An editing summary provldes a measure

t- of the data quality. The prlnclpaldata producedat thls phase are the
- edited ERBS attltudedata which will be _ergedwith the other telemetryand

position data.

MERGE DAFA STREAMSAND COMPUTEFIELD-OF-VIEWLI)CArlONS

In thls processingstep, all telemm:ry,orbltj and attitudedata
relevantto a specificinstrumentmeasurementara c¢,nbJnedto producea
record for each 16-secondcycle of radiationmeasurements. The Input
instrumentand spacecrafthousekeeping,o.blt and ephemeris,and attitude
data sets ar_ combinedon the basis of spacecrafttime. Ephetnerlsend

i attitudedata are interpolatedto obtain precisepositioncoincidentwith
instrumenteneasurements.The locationat the referencealtitudeon the Earth
of each instrument'sfleld-of-viewis computedfor each radiometrlc
measurement,and a procedureusing selectedradlometrlcdata verifies
field-of-viewlocationaccuracy. :_

RADIOMETRICCOUNT rONVERSII)N

The conversionand calibrationof all radlometricmeasurementsare :i
performedat this processingstage. Other Informationrequiredincludesthe
calibrationcoefficientsfromERBE instrumentperformancemodels and
algorithmsfor convertingraw counts to engineeringunits. Editingchecks
are appliedto the cor#vertedradlometrlcvalues. A surmnaryof the onboard
calibrationmeasurementsfrom the ERBE instrumentsis produced for use by the
ScienceTeam to verify and, if needed,updatethe callbratl_ncoefficients.
The principalproductof this subsystemis a Master ArchivalTape (MAT) of
data at satellitealtitude.

INVERSIONTO REFERENCEALTITdDE

The satellltealtitudedata set from the merge phase is further
processedto producethe valuesrepresentingthe measurementsat the
referencealtitude. This data inversionis dependenton several factors,
includingthe characteristicsof the Earth's surface,the zenith angle of the
Sun, and the viewingangle at the fleld-of-vlew1ocatlon. llidlrec_lonal
models and scene identificationalgorithmsprovidedby the Scien(eTeam are
used In this process, Based on scene identification,the approp'iate
functionsare selectedto converLthe radiationmeasurementsto the reference
altitude. The outputof the inversionphase includesa validationsummary
for use in instrumentintercomparlsonsand a set of data Items required for
Furtherprocessingin the next phase.

TIME/SPACEAVERAGING

At the time/spaceaveragingphase, individualradiationparameter
estimatesare availablealong with their time and location (latitude,

: longitude). On a daily basis, these estimatesare assemblelinto a data base

:ii_! which is organli_edinto variousspatialscales ra_gingfrom 2.5° by 2.5°regionsto I0" by 10" regions. After a full month of data are c_llectedin
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the data base, a monthlyaveragingprocessis used to obtain a workingdata
base from which a11 subsequentoutput productscan he generated.
Determinationof daily and monthlyaveragesrequiresthe use of dlurnal
models which are an input to the process. Refineddata editingis performed
during tllisphase as appropriate,and a validationsummaryis produced.

OUTPUT PRODUCTS

the workingdata base containingthe hourly,daily, and monthlyaverages
serves as the input for generationof the final output products. The basic
structureof 2-I/2° geographicregionsa11owsaveragingto larger regions,
latitudinalzones,and flnallyglobal resolutlon. Final output products
consistof a varietyof printedreports,plots,summaries,and data tapes to
be used In subsequentinvest!getlons.Key output productsare archlvedat
NSSDC after valldationby tileScienceTeam.

LaRC CENTRALCOMPUTERCOMPLEX
i

The operational ERBEdata processing system will run on the central _
computercomplexat LaRC. Figure 2 is a schem_tlcdiagra,nof the major i
hardwareelementsof the complex. Most _ the equipmentIs ControlData
Corporation(COO)computersand peripherals. Each of the seven main frame
computersworks with 60 bit words,and the centralmemory capacityof each is
listedin the figure. A large permanentfile system (disk) is accessible
from any of the computers,and a tape libraryof 30,000 reel capacity is
availablefor storingintermediateand archival results. A "front-end"
switchingsyste,nis used to allow remote interactiveand batch terminals
access to .hOStof the :nainframesat speeds cadgingfrom 300 to 9600 bits per _
second. The CDC standardNetworkOperatingSyste,Bcontrolsthe maln frames,
and a wide varietyof supportingsoftware,such as math packagesand plotting
routines,is availablefor use by applicationsprograms. _

SOFTWAREDEVELOPMENTPROCEDURE
i i i i i "_

-- d,

Based on requirementsoutlinedabove, the ERBE nata ManagementTeam is I

developinga softwaresystem to operationallyprocessthe instrumentdata j
using the LaRC centralcomputers. The overalldevelopmentprocedureIs
IllustratedII figure3 and each step Is describedbelow. The Teaqiha_ !
adoptedan iteratlvesoftwaredevelopmentapproachwit_ three releasesof the !
Data ManagementSystem. Each releaseproceedsthroughall steps in the
developmentcycle wltllIncreasinglevels of complexityand solidityat each
release. The intentis to eliminatemany possibleerror sourcesat an early ]
developmentstage sucllthat the final systemwill requirerelativelyfew
modificationsto processthe flightdata. j

The first releasewas completedin May Igaland includedthe haslc .._
structureof the processingsteps as well as some prototypealgorithms. The
second releaseIs scheduledfor completionin June Ig,_2and includesrefined
algorithmsfor every proceSSingslap. Simulateddata run._MII enable the
Team to verify the accuracyand ¢o,npleteness)f the systeman,lto estimate
computer resourGeusage. The third system releaseis scheduledfor ,hid-lUg3
and will representa fully Inplementedsystem. It will use the ,hostaccurate
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algorithms available based on Science Teamevaluation of Release 2. At thts
point, the system wtll enter formal configuration control procedures wheretn
changes must be carefully evaluated and approved prior to Implementation.

After Release 3 ts co,nnleted, the period prtor to the first satellite
launch wtll be used to optimize the computer code. In thts way, the
operational processing system wtll use fewer computer resources. Further,
this step tsolates the tradeoff of "correct" computing versus "efficient"
computt ng.

:: SPECIFICATIONS

The software development cycle begins with a set of specifications for
the computer programs. The Scfen,:e Team outlines the functions which the
software must perform and the data products which must be generated. These -_
softwarerequirementsare then iteratedwith the Data ManagementTeam to
assure their feaslbllltyand completeness, i

PRELIMINARYDESIGN
'!

The overallprocessingsystem Is separatedIntomajor subsystemswlth
a designteam assignedto each subsystem. Thls team developsa preliminary
designdocumentwhich meets the specificationsestablishedby the Sclenc_.
Team. The documentincludesa narratlvewhich describesthe functionof the

b-

" subsystem,module structureand data flow charts to outlinea11 processing _
steps,and detailedspecificationsheetswhich llst the inputs,outputs,and
processing method for each module In the subsystem.

SUBSYSTEMDESIGN REVIEW J
J
I

As the prellmlnarydesign for each subsystemIs completed a panel of
Scienceand Data ManagementTeam membersreviewsthe document. System
interfacesare examinedto assure compatlb111tyand the overalldeslgn Is
reviewedto assure that it meets speclflcatlons. After reviewcommentsare :i

incorporated, the design is published as a Preliminary Design Document. "1
PROGRAMCODING

A progra_amlngteam Is assignedto each subsystemand uses the design
D documentas the guldp for coding each module in the subsystem. A set of
:- coding standards has been developed around FORTRANV to insure a measure of
_ unlfonnltyIn coding practices,internalcode documentation,and
_i- portability, lhese standards are followed by every memberof the programming
_. team, The lead programmer on each te_, tracks progress using milestone
_- charts for ali modules versus a preliminary schedule established when the
_-- subsystencoding begins. Unlt testingis performedon each module using a
-,_ mlnlmelamount of test data.

" SUBSYSTEMCODE WALKTHROUGH ....

As the coding for each subsystem ts completed, the design document ts
updated to reflect any necessary changes. The code ts then reviewed by the ....
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same panel which revtewed the subsystem design. During the review, several
_ items are emphasized: accurate implementation of the design, adherence to
1 standards,understandahleprogramstructure,and clarltyand readabllltyof

t the code, Any necessary corrections as a result of the code walkthrough are_ incorporated tnto the source version of the subsystem.

SYSTEM ZSFING
1.

After all subsystems have been completed, a comprehensive testing phase
begins. A test data base has been developed which simulates all external

_ data sources. Various error conditionsare introducedinto the te_t data by
a data set teln which Is independentof the progra_nlngteam. The full
system Is then exercisedusing reallsticamountsof the test data as inputs
to the preprocesslngsubsystems. The output of each subsystemin turn serves
as the input to the next subsystet,in the processingstream. Thls technique
assuresthat all subsysteminterfacesare carefullytested. Any errors
detectedduring thls testingphase are correctedin the final versionof the
system release.

SYSTEM DOCUMENTATION i

The PrelimlnaryDesign Documentis updatedat each developmentstep to !
reflectchangesmade in coding or testing. User documentationwhich 1
describesjob controlproceduresand operatorinstructionsmark the Final
step In the softwaredevelopmentcycle.

PROJECTSTATUS REVIEW I

i

I

At the completlonof each release,a detailedstatus report is presented ]
to ProjectManagementand membersof the SclenceTeam. The resultsof each 1

releasethen serve as the basellne for modificationsand enhancementsIn the :Inext release.
!

RELEASEZ STATUS R.E.VIEW 1

Using the sof&waredevelopmentproceduresoutlinedabove, the Data i
ManagementTeam has completedRelease I of the ERBE ProcessingSystem and Is
in the coding phase for Release2. Severalmajor milestonesfor the Release
2 developmentactivityare given In Table Ill.

The specificationphase has Isolatedseveralproblemareas fromRelease
I. For example,the radlometrlccount conversionIs now recognizedto be a
functionof the scene which the sensorsare vlewlng. In ReleaseI, this
count conversionwas performedIn the preprocesslngand editingpart of the
system, It has been moved for Release2 to the merge part of the system
whlch a11ows the scene to be locatedon the Earth prior to the conversion
from counts to engineeringunits.

AnotherRelease 2 change identifieda large data base management i:
functionwhich has to be performedon a daily basis. This functionwas
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tncluded tn the monthly averaging subsystem In Release 1, but tt Is now
highlighted as a separate subsystem for datly processing.

The preliminary design ph_e has overlapped the spec|flcattons phase as
shown tn Table III. Thts perlod represents a large amount of interaction
between the Science and Data ManagetnentTeams as the specif!catfons are
iterated to produce a feasthle design. This phase has culminated in destgn
reviews and a set of design documents in six volumes which describe the
enttre system.

At thts wrlttng tn January 1982, the Oata ManagementTeam is acttvely
codtng the Release 2 system. Over 450 subroutines have been Identified for
programming. This estimate ts somewhatlarger than ortgtnal estimates, so a
larger team of eng!neers and programmers has been assembled to asstst tn the
codtng phase. This team was drawn from research divisions at LaRC and
existing contractor organizations.

One or nine subsystems has been completed with a code walkthrough in
January. The design document is being updated to reflect codtng changes and
walkthrough comments. After ftnal code rev!slons, the subsystem wt]l be
ready for full system testing. Substantial progress ts betng made in the
remainder of the subsystems as each programming team becomes familiar with
the design requirements and coding standards,

CONCLUDXNGREMARKS

The software development approach adopted for the ERBEData Management
System appears to be a sound one. With multtple releases of the software
leadtng to a flight-ready system, serious design deficiencies can be
identified at an early stage. The step-by-step development procedure in each
release cycle provides good interaction with the ERBESc|ence Team which wtll
use the data produced by the system. With this approach, the goal of a
processing system ready at the launch of the first ERBEInstruments may
indeed be met. -

¢T,,

. 248

1 "_._ty- i - - U

O0000003-TSE05



-L

_w "....

,/

_r'_ REFERENCES

_:"...... I. goerner,C. V.; Cooper,J E.; and Harrison,E. F.: The Earth
....., Radiation Budget Satellite Systen for Cltmate Research. Remote Sounding
:' of the Atmosphere from Space, H. d. Bolle, ed., PergamonPress, Inc.,
_ _ 1979, pp. 201-215.

2. Young, G. R.; and Klbler,J. F.. Earth RadiationBudget and Smart
:::: Sensors• Progressin Astronauticsand Aeronautics,Vol 67, Iglg, pp._ l' i i i i •

- I 74-85.

_ 3. Barkstrom,B. R.; and Hal1, J. g.: Earth RadiationBudgetExperiment "

_!:_:, (ERBE): An Overview. Journalof Energy,1982, paper E 796 tn press.
_.".;. ,; .:

_:_0_ 4. Splers,,In.,R. B.; Huck, F. 0.; Park, S. K.; Staylor,W. F.; and ....
...... Halyo,N.: ERBE: Assessmentof MeasurementAccuracy. Proceedingsof

_ AIAA Conference:Sensor Systemsfor the 80's, ColoradoSprings,CO,
i_:'" Dec. 2-4, 1980, paper no. 1952.

_" 5. Smith,G. L.; and Green,R. N.: Deconvolutlonof Wlde Field-of-View
•! RadiometerMeasurementsof Earth-EmlttedRadiation. Part I: Theory.

d. Atmos. Sci., Vol. 38, no. 3, 1981, pp. 171-176.

........ 6. Weaver,W. L.; and Green,R. N.: SimulationStudy of a GeometricShape

_! FactorTechniquefor EstimatingEarth-EmittedRadiantFlux Densitiesfrom Wlde-Fleld-of-ViewRadiationMeasurements. NASA TP-1629,1980.

1:
_.,

OOOOOO03-TSE06



L.

250
P_

O0000003-TSE07



• _ _ ORIGINALPAGe.ZS
" Of I.X)R(_JALII"Y

- . _

- _

" , _ _

(3(3(3(3(3(3(33-TSE(3E3



,, .......... _.... _"---_ .......... _. ................. . ... -.- ........... ...-_-, • ' i. _.-- --_- ....... _ --- ..... _. _..

° 00000003-TSE09



I

ORIGINALPAGEIS
w OF POORQUALITY w

_4 ZZ
,-_ (.3 Ld. _'_

@_ I

o -- _. C)z --.. :E_<C c: .... 0 =)_ "_
u_
dJ

0 ¢/1 ,_
zo _ i < _ i

o= ' I , z_ ='_ 1

_.. _ _ .._

o,,_- °
z N _
_. z z

v........... - ......... ;,- ......" ........................................ ; ......._':_::-'_'-_'........... ---':-'_-'--"_.... __--=-"_- _-='_ -"......................

O0000003-TSE 10



O0000003-TSE11





• b vlLP'llg'SICk -_mv,o,-L-

PROVIIHNt; RADIO t:Rt:OUEN('Y SPACI!-LINKS BFIWI!EN I:ARTII S]AI'ION AND

S_ATI:.LLITL l:clR MI.ANURtN(I hA I t:LI.I'[t- I. L!("rI(ICAL PI;RF(IRMAN( t.

WI]-IIIN SIMULATIII _41)A('F t-NVIRI)NMI:NF

Kc)l)lelh R, Ral|hal;I

: ( ;t'ller;ll I.lcctric ('()lllpiln}

_,! l'h ilad c lPh);l, pcllll._y I_,a|1ia 1() l 0 1

.,_BSlI{A(' I

Ibis palwr will describe the design features of anz aulcnna coupling),

':" llnit, or antenna "'hat," deseloped by (;eneral Flectric to sillltdale I{l"
cOlnlnUlHCalion paths or space-links and Measure RI: perlormanccs

-_- of an orbiting satellite conununicating with an I'arth Station. I'hc
,. l)cl'ensc Satellite ('OmllltlllicatioIlS System ( DS('S ) III (dualification
_j) and Flighl: Models have bccn successfully demonstrated, with this
;. spccial test equipment, to mcct electrical I__rt_orman_,_echar'acteri_
:_ ticswithin a simulated space environment, l'he test equipments

feature coniputer-aided testing, high test equipnle'lt reliability',
accurate positi,.)ning, high repeatability from test-to-test, satellite

',- safetF, and extremely high qualit}.' of test path signals to enhance
i } satethte perlbrmance analysis. Signq'icant savipgs in mant_ower and
+" reductions in test schedules have resulted using tins test equipment'

_.,. more savings will accrue for ;ill subsequ-'nt sat.'llite testing+ for DSCS
:7-o. and other satellite or spacecraft test programs.

,1
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RF)IOTE SENSING OF TORNADIC STORMS FROM SPACE

R. J. itung
The University of Alabama in Ituntsvtlle

R. E. Smith

NASA/blarshall Spact, Flight (,'enter

ABSTRACT
b

[" The life span of a severe storm is on the order of a few hours. Rapid
scan infrared and visible obserwltfons from geosynchronous satellites can be
useful for studying the life cycle of a severe convective storm. By using
infrared images obtained from GOES satellite, the digital count values of
pixels representing blackbody temperatures of the cloud Cop, convective
storms can be observed _hroughout their life cycles. In this article,
clouds associated with a tornadic storm are compared with those without
a tornadic storm to illustrate how the infrared and visible observations

from a geosynchronous satellite can be used to study the differences in
their llfe cycles.

I NTROI)UC'FI ON
J

]
Geosynchronou_ satellite visible and infrared observations provide a _i

powerful tool for studying severe convective storms, such as thunderstorms,

tornadoes, hail storms, hurricanes, etc. (refs. 1 to 5). The infrared

image pro'rides an indication of the equivalent blackbody temperature of j
th_ observed cloud tops. In the Geosynchronous Operational Environmental -:
Satellite (GOES) infrared sensor, 256 different digital count valtleS are

assigned to represent specific ranges of blackbody temperatures. By refer- .j

enctng the temperature-hetglat profiles from conventional rawtnsonde obser-
vations to the satellite infrared data sets at different time periods, the

development of convective clouds can be studied in detail from the forma- t
tlon of the cloud, the _ntttarton of the updraft motion, to the develop- .:-_
meat of the tornadic cloud.

Association of Rravtty waves and severe convectiw_ storm8 have been J

studied extensively in the laboratory and in the field during the past J

c'ecadv (refs. 6, 7, 8). Recently, gravity waves associated with tornado J
activlty (reis. _" .lO.)...a.n.d.htlr.Eicanes (ref. 11) have been observed. These

I
obst,rvatlons were made with a ht_h-frequeney CW Doppler array system in ,_:
which radio wave r_.celvers located _tt ,_ eentr,.l site, NASA/Harshall Sp_ce

Flight C,.,nter, monitored si_tlal8 transmitted from three Independent remote j
site_ on three sets of frequencies and reflected off the ionosphere appro_- .._
Imatelv Imifw_y between tlm transmitter and receiver sites, BY using a :_

ray. tr¢lCtl_g technique, llunR et al, (refs, 1_, t_) h_ve st.,w_ that the "_
enhanced convection-initiated gravity wavea assuctated with tornadoes were ._

25q
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Renerated by thunderheads embedded in a sfluaIl llne and/or an isolated

cloud wlth intense convection. A comparison of the location of the computed
wave sources and the time of wave excitation with published tornado touch-
down data showed that ehe cot puted wave sources were near the locations

where tornadoes touched down more than one hour after tilewaves were excited

I;" (refs. 9, 14).

Recently, Hung et al. (ref. 2) inve_tiqated the change of cloud top
temperature with respect to time for the clouds associated with the source

of gravity waves compared to the clouds which were not associated with

gravity wave generation. The study of GOES infrared data during the time

period between when the gravity waves were being exclted and the touchdown

of the tornado indicated that clouds associated with tornado activity are
characterized by both a very low temperature at the cloud Lop, which i_

equivalent to a higher penetration above the cirrus canopy, and a very high

growth rate of the cold region of the cloud top, the signature of enhanced
convection in the cloud.

In this article the life cycles of two isolated cloud systems, one

in Olkahoma on May 28-29, 1977, and the other in Arkansas on April ii, 1976,

are used to illustrate how the visible and infrared images observed from

geosynchronous satellite can be utilized to study severe storm development.

A comparison of the life cycles of the cloud systems associated with tor-

nadic storms and non-tornadic storms are made. There are some special .,
features of the cloud associated with the tornado. These special features
are the Very low cloud top temperature of the overshooting turret; a much

higher growth rate of cloud top above the tropopause; and also a much

larger area above the tropopause.

SATELLITE IMAGE PROCESSING AND DATA ANALYSIS

Art Image Data Processlng Systems (IDAPS) was developed by NASA/Marshall 3
Space Flight Center to be used for the image processing requirements of

the Skylab experiments. IDAPS can be used to process high resolution ]

photographs, both visible and infrared, from satellites to study cloud top ._
height variability, temperature distribution, and growth and collapse rates
of clouds. GOES digital infrared (IR) during the tlme period between three
hours before ghe touchdown of tornadoes and the tornado touchdown time for

two se.vere convective storms on Flay 29, 1977, and April l l, 1976, and the
other non-tornado-associated clouds in the entire United States were used

in this study. The period between satellite observations was 15 minutes
for the east. of May 29, 1977, and was 30 mlmltes for the case of April II,
1976.

In this study, a cumulative histoglam is compilt.d starting from the
cold end of the temperature distribution. The number of pixels (picture

elements), NI, with blackbody temperature equal to or les.,, than temperature
Ti, Is obtained. Physically the number of pixels, Ni, ts proportional to
the area of the t'old t'loud top with temperature - r t. This also provides
data about the horizontal area of the cloud pen¢,trating_ abovv cvrtainaltitudv._.

, I
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Growth rate or penetrative overshooting cloud top is a significant
characteristic for tim evolution of thunder clouds to tornadic clouds. Th_

following equation was used to calculate the growth and expansion rate of
the cloud:

dNi -I

,. _i = d--¥ (Pixels - sec ) ,

where Yi denotes the growth rate of the cloud area with temperature < Ti;

Ni, tilenumber of plxels with temperature < Ti; and t, the nominal time
• period between observations.

(A) Study of Severe Convective Clouds on May 29, 1977

GOES digital IR data for the entire United States during the period

from 2333 GbIT, May 28, 1977, to 0203 GblT, May 29, 1977, were analyzed in

this study. It was found that the isolated cloud in north central Oklahoma

was the only cloud with a cloud top temperature <-70.2°C during this time
perlod.

The area expansion of the cold elements of the cloud top was studied.

Comparison between IR digital data of cloud top located at north central
Oklahoma and rawinsonde data from Oklahoma City, Oklahoma, shows that the

cloud top started to penetrate above the tropopause at the time about 0004

ChiT, May 29, [977. Figure 1 shows the changes in the areas of the cloud top
at different temperatures during the 0004-0203 GMT time period. Cloud top

started to grow to the altitude with equivalent blackbody temperature,

TBB _<-65.2°C at 0004 GMT. The cloud top temperature had fallen to < -67.2°C
by 0033 (;biT;to : -70.2°C by 0103 CMT; to < -74.2°C by 0i48 GMT, which

indicates tileh_ghe.,_taltltude reached by cloud top. The area of the cloud

top with temperature < -72.2°C had its maximum size at 0133 GbIT, gradually

decreased until 0148 C,MT, and then sharply decreased. The tornado finally

touched down at 0205 GMT, apparently as the cloud top was rapidly co]lapslng.

This result is in gdlad agreement with the aircraft observations made by

Fujita and his associates (refs. 15, 16).

For the purpose of relating the temperature of the penetrating turret

to an altitude, the rawlnsonde data from Oklahoma City, Oklahoma, were

analyzed. Based on the rawinsonde data of 2300 GbIT, May 28, J977, and 1100
GMT, May 29, 1977, the temperature of the tropopause was around -64°C and
the altitude of the tropopause was around 13 ;:m, while the lowest cloud

top temperature observed on the satellite TR imagery was -74.2°C about
15 to 30 minutes before the touchdown c_ the tornado. It can be siren

from Figure I that cloud top started ;o penetrate above the tropopause

approxin,atelv two hours before touchdown of the tornado, The coldest over-
shootillg cloud t,._ptemperature was more than 10CC below the temperature

", of the tropop_u.qo. The area of the cloud 1:op which had penetrated above
the tropopause .lust before the tot,chdown of the tornado, for this partic-
ular case, was 650 plxel:_.

The relationship t)f the heights of overshooting tops of cloud:_ above
tb_ tr_popau_e and some pl,:_sicalparameters have been investigatt'd by a

group o[ scientists at NASA Coddard Space Flight Ct.nter. By using d "
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t downward pointing lidar on a high-altitude aircraft and by using sideviews

.._ of the thunderclouds photographed every 30 seconds from a second aircraft,

Simpson and her associates determined the heights of clouds (ref. I7). A
detailed examination of the values of infrared equivalent blackbody tern-

:.. perature of ttle ,:loud tops obtained from the satellite and the lidar-

)_ determined heights for overshooting tops above the tropopause shows a high
.1. correlation between the I_etghts and temperatures, with the slope of the

relation Indicating an approximate adiabatic lapse rate (ref. 17).

De ;

"_ TI.}

] ,

Figure 1. Cold area expansion and vertical growth of the cloud top
in terms of time change o£ number of pixels with temper-

lures < -65.2°C, < -b7.2°C, _ -70.2 °C, ": -72.2°C, and ; !i
-74.2°C during O004-0203 hMT, May 29,--1977, for an Iso-

lated tornado located in north central Oklahoma. i

Pigure 2 shows the growth of cloud top height In comparison wtth the ]
lleigllt of tropopause during the 0004-0203 GMT time period based on the re- "i
lattonshtp suggested by Simpson and her associates. It is shown in this i

figure that the highest altitude of the turret top of the Oklahoma cloud
was more than 4.2 km higher than the tropopause altitude approximately . :
15 to 30 minutes before the touchdown of the tornado. Since the overshooting

top temperature was more than lOC° below the temperature of the surrounding
air, the density of the overshooting turret is much hlgilt, r th:m the densttv
,_f tht' surrounding air. The overshooting turret can o|ily exist as long

as It is dynamically supported by intensive vertical convection. As the
Intt, ns|Vd vertical convection ct_nditfotia dts_ppt',_rtsd, the overshooting _.

turrets collapsed. This occurred about t5 to 30 mtnutvs hi-fore the tout;h-
down of the tornado.

O0000003-TSF04
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Figure 2. Change of the altitudes for overshooting turret of
Oklahoma cloud during 0004-0203 GMT, May 29, 1977 and
the height of tropopause.

Figure 3 shows the growth rate of cloud top areas penetrated above

the tropopause. The maximum growth rate of the area wlth temperature

-_5.2°C (0.5 k_ or more above the tropopause) with the value of 12.2 x
10 -_ pixels-sec -_ occurred about 45 minutes before the tornado touchdown. ;
In other words, the maximum growth rate of the penetrative overshooting
turret above the tropopause (essential for formation of tornadtc storms)
occurs approximately one hour or less before the tornado touchdown. On

the other hand, the growth rate of the high-altitude cloud wlth temperatures
-70.2°C, "A-72.2°C and _ -74.2°C became negative, implying that the

higher altitude cloud began collapsing approximately 15 to 30 minutes before
the tornado touchdown.

During the period 0200"02_5 GMT, May 29, 1977, three gravity wave
trains, detected by the Doppler sounder array located at }luntsville,

Alabama, were analyzed (ref. 2). Ray tracing eomputatlon shows that the

computed probable sources of waves were located at north central Oklahoma°

an_ the wave traveling times from the computed probable sources to the

observatioll point were }38-162 minutes. Thus, the gravity waves were

excited while the overshooting turret penetrated above the tropopause.

(B) Study of Severe Convective Clouds on April II, 1976

COES digital IR data for the entire United States during 2031-2231

G_IT, April II, 1976, were analyzed in this study. For the large cloud of

the squall llne extending from Oklahoma through Arkansas, Tennessee and
North Carolina, only a small portion of this cloud located in central and

eastern Arkansas had a cloud with a cloud temperature < -60.2°C.

The area expansion of the cloud elements of tht_ cloud top was studied.

Comparison of the IR digital data of thLs cloud top located in Arkansas Bad
the tawtnsonde data [_om Nashville, Tennessee, shows that the cloud top
started to penetrate above the tropopause around 2031 (;F;T, April II, 1976.
Figure 4 shows the changes in the areas of the cloud top at dl_feeent
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::::l. temperature_ during the 2031-2231 (:HT time pertt)d, the cloud top started

i to grow to the nltltude with equivalent blackbody temperature, TBB "- -59.20(;

at 2031 (;H'r. At 21(11 t:HT, tilt: cloud top reached tile al.titudo with a tem-
,10

" pernture " -()6.,. C; and at 2201 (;HT, tile cIoud finally roached the highest
: altitude With the lowest temperature at -66.2°C.

,

}. ; ', , ',

t I t i

\

^ ._

.4

: : / _ ,.
// ,,._'-] ..... "

•°,

Figure 1. t;rmoth/collapse rate of penetrative overshooting cloud top. -:
O )O C )Owith temperatures -: -65._ (., ._-(.,.2 ", "2 -70.2 C0 1- -72.2°C,

and ". -74.2°C during tile tlme period 0006-020] GHT, Hay 29,
1977 for cloud at north central Oklahoma.

The raw fnstmde data from Nashvl[lt,, 'i'enne_see were u_ed to relate tile
temperatur(, of tile penetrating turret to an altitude. Based Oil tile rnwin=
sonde data of 2300 (:H'r tile satae day, the temperature of the tropopause was
around -Sq°C and the altitude of the tropopnus,: was around I1.2 kin0 whtlo

the lowest cloud top temperature observed on the satellite IR Imagery was
)." -6b.2°C about JO minutes be[ore the coucitdown of tile tornadoeg, our earlier

c;.lse titlldie.q of Haretl 24, tqTO and Hay 29, 1977 tt,qlng tile 15 minute ttaterval
IR data show that tile lowest cloud top temperature it; observed about 15 min-
ute,_ before tile tot*chdown of the tornado, just before the overshooting turret

collapsed. III the present case, the lowest t'loud to 1) tamper'attire could *be
even lower th.m-()1).2°C becdtlse there wa.._ no 15 mlllUte Interval data avail-
,Ible ;ind thus there is no Wily to ,lett, rlnlne what tilt' t lotld top temperature was
|_ Illillllteq before tile totlehdo_,ll oi tilt, tornado. For tile very same reason)

the time of tilL' collapse of tile overshooting turrt, t could not be detennirled
precisely" _ttlce it occurred about 15 0)tnutt,.q hefort, the tt_tlehdot¢rl of the
tornado (,refs. 15, i(_). llowever, it van bt, _¢t,vn from Figure 6 that (1) tile
.'loud top started to t_enctl'itto :ibovo tilL, [ropol_iltl:4t' approximately two ;illd

2o4
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one-half hours before tile touchdown of the tornado, (2) tile coldest over-

shooting top temperature was more than 7C ° below the temperature of the
tropopause, and (3) the area of the cloud top ,above tropopause before the
touchdown of the tornadoes covered 213 pLxels.

:," /

,t ." _ ....

/ ,'
/ ' "" A

I . '...1 :,:.

/ i/

/ _,L. -J
I !

• ,
I

l

Figure 4. Cold area expansion and vertical growth of the cloud top
in terms of time ehanRe _f number ot pixels with tempera-

lures _-59.2°G, _ -61.2°C, _-62.2°C, '_.-64.2°C, and

__ -66.2°C during 2031-2231 GNTt Apr[l II_ 1976, for cloud
located in Arkansas.

FigurL. 5 shows the growth of the cloud top height above the tropopause

during the 2031-2231 GblT time period based on the relationship suggested

by Simpson and her asstpciates. This figure shows that the highest alti-
tude of tile turret top of the Arkansas cloud was more than 5.3 kin htgher
than the tropopause :lltitude approximately 30 minutes hi'fore tile touchdown
of the tornado. Since the overshooting top temperature was more thma 7C0

below the temperature of tile surrounding air, the density of the overshooting
turret Is much higher than tile density of the stlrrounding air. The over-
sho_,ting turret can OtllV _.xlst as long as it is dynamically supported by "_
intL'nsive vertical convection; ti,erefore, as the intense vertical convection

dissappears, tile overshooting turret st_ould collnpl_e. In this casa, the
exact Lime that the overshooting turret collapsed Could llot be determined
due to use of 30 mtnut.e interval satt'llltt, data.

Figure b shows tht growtll rate t,f rtl0 rlot!d top nrva,_ _bt_x,c the tropt_-
i_dt_,qe. The maximum ._rowth rate of the area with tc, mperat,re ' -'.',9 _°C
(with an altitude just above the tropopausp)with the _,alue of 4.74 _ tO _

f'
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plxels - see -1 occurred about 45 minutes before the tornado touchdown. In

other words, the maximum growth rate of this overshooting turret above the
tropopause (apparently essential for tilt. format|on of tornadte storms
occurred approximately one hour or less hcfore the tornado touchdown.

,,.,,,,i., t e. ,. ' '" 1

,, ._

Figure 5. Chant_e of the altitudes for overshooting turret of Arkansas

cloud during 2031-22.31 c}rr_ April II, 1976, and the helght

p- o f t ropopause. :._

Similar analyses of both areal expansion rates and g_owth of cloud
top heights during the same _ime period were accompIJnhed throughout the
United States. It x,,a._ found that the Arkansas cloud was tile only el-rod

,_ wlth a temperature lower than -60.20C combtned with a high growth rate of
the cloud top above the tropopause.

I
D1SCUSS IONS AND CONCI.US 10NS

}. From the present analysis, the rosults obtained from the Combtnatlon

i_&-- of tile cloud top temperature ch,ltlgo,q from tht, snt0Illto infrared Imagery',
'_ _he rawinsonde data, and the rloppldr sounder gravity wave ob._ervations lead

to thv following :

(I) "rornado-,,lt;:loclated cloud._ have overshooting turretq penetratin_
above the tropopause.

(2) The difference between tht, t)ut, r.,;hootlng clotld top temper," ture and

2h¢_
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llit" the tropopause temperature, a measure of how much the cloud has penetrated

above the tropopause, rather than either the absolute temperature of the

penetrative cloud or the height of the top of overshooting turret is
important in the development of severe storms.

(3) The growth rate of the overshooting turret above the tropopause
for severe storm-associated clouds is much greater than that for non-severe
storm-associated clouds.

(4) The high density penetrative overshooting turret (temperature
of the overshooting turret is much colder than the surrounding air temp-
erature) above the tropopause collapses about 15 to 30 minutes before

the tornadOof touchdown based on our previous analysis. However, the col- i
lapsing overshooting turret was missing in this analyslsbecause the i
satellite observations was at 30 minute intervals.

(5) The life of a tornado-associated cloud, from the moment the over- 1
shooting turret penetrates above the tropopause to the touchdown of the
tornado, is no more than 3 hours.

(6) Gravity waves are observed when there are severe convective storms.
Ray tracing results show that the source of these gravity waves is located at

the cloud with intensive convection at the time the overshooting turret of
the cloud is penetrating above the tropopause.

,]
1

.;j

I A i, i . I i

Figure 6. Growth rate of penetrative overshooting cloud top with temp- :
• o < o _. o

eratures _ -59.2 C, -61.2 C, -62.2 C, < -64.2°C, and i
< -66.2°C-during the-time pert,,d 2031-2231-GMT, April 11,
1976 for cloud at Arkansas. i



This research suggests that the combination of satellite imagery,
rawtnsonde and gravity wave observations, and radar summaries is useful

for studying the evolution of tornadtc clouds from thunderclouds. However,
rapid scan, < 15 minute Intervals, satellite observation is necessary for

- the study of short-life m_soscale phenomena. Otherwise, important phenomena
such as the time of the collapse of the overshooting turret before the
tornado touchdown can be m_ssed.
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AtI,_TRACT

The l'la_wm IHtlI',,I,_?Li('_ I'ack,_yt: provid,,s :l t ov,q_ruh(m,qiw, ,':eL oI 13(.';I,qlll_t'-

OOnLS zzbout tile orbiter _,nvir,)m;.,0t by l)rovldinA, [1)l,,rrlati,_,_ about ion and

electron particle, denalttan, energies, and spatial dlstrti._itlnn Junctions;

;Ibou: [on _,la_s for id_aLl[icuLtua uf particular rlul,,cular ion uF_cies; arid
* about i_p, notic flelds_ Git_cCrLe [ieid_ .and clectrumagnetic wavvs r)vur a

broad freq-ency range. Shuttle envtronrv___ntaI r.aasur_ntg will br..ade both

on the pallet aad. by use of the Renote llanipulator Systeta (RHS) j thc PDP

will be m_aneuvered in and external t,) the bay ar,.a to continue onvlronnental

neasuroi_ent:; and to carry ,.m a joint plasma e×periment _ith the Utah ,qtat,,

University Fast-Pulaed EIectroH gent, r,,tor (FPEI;).

"" Results of Orbiter et_¢trottt_ent EHI measure,_ent._ a_d S-bm_d £Leld

strengths as well as prelitainary result_ fror_ wake searcl_ operatt,ms

: indfcattn): wak_ boundary Identifiers will be reported, :_n t-valuati_m _,f the

- us_' of the R,qS and PIIP latch down and grapple tnechanisr_ will be discussed,.

" Cor_paris_ns of results with the FPEC exFerimentg ¢orldltctett on tht_

fliyA_t will be nade with results fron a sir:,ilar electron beau experinent
uondutted during. Ilarch 1981 in gl.,e large vacuu_ chamber at Johnson Space

1[. Center°

Tit[. I'DP tNSTRUNENT

i (m the oS,q-! payload, the Plasna ',)iapnostics Package (PDP) [._ a First

gcnerat._on set of instrut,_ents to assess the pla_taa or, virnnt,_ent ,_tld tile

plas_qa _ake treated by tile Orbiter_ to test tile capabilities of the Ren,*t_'

tlantpulator Syster_ (R/1S) and Lo carry out an active beam-plasma exp,;rir_ent

in con.jt, nctior. _ith the Fast Pul.,,e Electron (:e,wrator (FPE(;) of tile Vehicle

Chaff.lay _nd Potential Experinent, These objectives are illustrated in
Fib;urn, 1o The PI)P itlstru_..entation mid measurt:ment ranges art, listed in

Table I. lhese _._asu[v_nents include electric and aq, netlc fields, plasna

wavt;_ enerK_,tte Ions arid ,-[eetl?ons arid Dla_t_a pararmtt_r._---density,

c,mposition, tet_petature atld 4irected velocity.

The P:lt, I.¢ operatpd both latcl_4 ont_} the. t_sS-i pallet and attached to

] thv P.,IS. _m the R[tS, th_ PBP i,_ po_tttoned a_d r_tated through s_t_ o[

" ' '" '............."_..............:..... _ ' "_ " _"%; "- o o " " " ..............
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ide_ttiiit'd ],v p]._st$i depli,li,m, (,ner:lznrtnn nt p_,rtic, l,,_ ;lad ilIA, t'l't,;lticHI i
ot Alfvun _,_aw's bchiud till' ()lhitl,I-o '['hl.,_, ])l,U._,F,_¢,.q ;|r_, th(ntp, ht tl_ b_;
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|}_l/l.:ld th{' .]_)vian rlo(u_ I,_ ,l,,cL, li,l-_ite ptll-tie[o_ whi_'h _'aI_.3[? tilL, dL,,';-lllt'tr[c

radio imise blll'.'it._ ('_). PItS tr;li_ct_)riu._ h;tve bt.en dl, sil',ncd l:_) t,Wc the lqH'

"" L[lli_llyh lll_' W_I_*,' _')Uiltlill'V ill. l)l-,;l-_,It-_,d lmltIt._; iu Lilt' {_rbit. 'rht. ion [k_.';-:

';pc, ctromotar. _et.Lrdint4 l'uL_,lkial ,\ti_,lvzut and AC/I_C _., lectric [ic, Ld pr,_h,.,s

d_,pl_,ti_m r_,,_,i,m, _vilk{, b_mu_darv .rod Lli_ , ,_lu,{'k, I,.'ht, n th,, PI)P fIi(',_; 4_ain on

tile ._pac_'lab-L' r:ission ns 4 sub.;at_,lLit(', flu, t¢_l:t, will I)c Cx, Lr',i'u'd ,mr t,)

21_ kr: behind th,_ tn-hirur ('_1. :]
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!
"i|i_' _,'tiv,' cxperil_t'ut _l firin !" ai_ clt,ct_m b_..;_r, into _ ,_!nsl;J l,n'_ I,_tm "i

;-;irl-i_.d ollt [ti a n.nber of labar:ttnrv anti s_undim' r_,cket t_xlmril:_t'nl q _.%). f
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attrora_ to _.,:t'it_- plat_ni_ wav¢._, t_, ._ouud r_.metic fi_,l,t line._ for ,,lectri,"

field,_ :lad tt) e_:a_:,inv Lh_. ehart±inP, iiyht _,r._.i_i,m and o[h_,r pl;1._r_a l

pr,,p_,r[i_,s i_, lhe vici,litv _1 the elect-r_,n sotlrc0. In planptar,_ atid ]

;t,._Lt.,_l_h\,si_al s'IllilL[oi/..4_ iL is th,_u_'.llt til_l ,,nl, l',',.,tic l_:rticlc ._trt.nm.-; t_-.--_d 1

t,_ ;1 VilI-II'tV ,,f r4dl,), [i,,q_t ;lil(| x-r4y eill_4si,)llS whicl_ i_ OLII ,,ill\' '_,_tlt', "o ,_I

i_,t,_t'i,.lti,H_ .ll-,ut ti,es," di_;t,lnt ,'utitieq. l.itl_ _}SS-I, tll_' I"4_;L t'ulsc

I l,'ctl,_ _;_"m'r;it,}r (I-I'I-.(') ,)I Lilt, \'(_.\i ) (.>.lu,l-i|iL, ilt pl'i)vidl,s; L[II'. _:IcuLrml I),'_I:;

I'!'I' _ .

} . i\ l,_.r:,l,,,_'t iv,' vi,,_,' ,,t tl,c ,L;._;-I hc,_,'.:-i_L.t'-_ Cxpl_l.'J.LU._lll. i9 '-;li,_*:il ill

L" i,t, _. l'Ic i'l'}_ flr_,_: .i Fpar, ,,F el,,,,It,,,,_. .it ,iii ,_iicl, _ rii tli,' , ,_llt+. _,
_. _,i, ,eric Iit_l.l liuc d,,t,,rrlil,(,,l l,v ill,, (_i-l,il,.y l,,_ai_ion .anti _ttitHt_r_o '{

.\il._h_,.] L_. li;_ IL:L:; Ll,t' I'Ll| ' I'_. l,U\'l-:d ll..'L.I. _.'IlLI £iJ|'_ll lhr,_.Fll ll_c bc,u_ I_'_ i,,n '"]

@}i__ 5{;itr: .._!t(".. r_'__;.,tm" it::_t: ]L_

!
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Sic,ilnr e×perinents have bet.n conducted in J.ah'_tatory space Bll-llllation

chanb,.rs (5). '}ndet certain conditions a phenomenor, called the bean-plasma I

di_cl,arpe (BPL') occurs in which the eJeetrml boola is destroyed and the t
p las[.i cnluun it energized to. et,dt t nten,qp [tF.ht and radio waves. t

TI., BI'IJ c,_ndt, tjml J:_ a pla_rm tn.qtabtlltv whiell, when studied in vacuum

;_ ch;.,_bt,rs, iq found t,_ depend on thp vnlno cf bear_ currt,llt and ,,,mrgy, t
•- anblpnl pressure, ma;;netic field _trpn_:th ,d injectUm mU'le of the

eh-t-tr.n ben.m, with rt.tq;pet tn the magnot:e rtold. BPD is ellaraet,,rfz,_d by a :.:
dtfl'us,, bpam, witll orders of mapnicude I|l_tllt, r li_tht intensity than th(,
el_,ctr,nl bt,;ir_ I11 a prt*-BPl) cc)llf|)(ur_tl, iollt ns we, l] as cprtain electric field
and pl, err-static wave mod-s. Particle distribution functions show

elc::truns with a significant s.praLhermal tail which ar_ hollered to be the
prime snurc_, of Innizntion.

Considerable rontr.versy exlst_ over whether BPD can take place in this
()rbiter b,,au experim,,nt and whether BI'D can be s_,.nifieant factor in
neutraltzinF the w,htcle as it emits electrons. Since the PI)P has been usl_d

in _r,,und-based vac.uc, chamber studies it will be able to help answer these

and ,_ther questions which are of interest t¢) plasma studies done (,n the

Orbiter in the future (6).

The OSS-I PI)P/VCAP experiments _i]l inve._tigate other interactions as

well. %he charge condition of the Qrbiter is to be assessed through
elt,ctric field and particle measurements wltlt the POP. Uave stimulation

over a wide frequency ranl,e w|]l hi, studied by pulsing the electron beam and

me;.surinF the er_itted wave spectra with the Pl)P. The Pl)P will also be used

as an in situ pr,)be for n_tttral plasma pracesses ¢)ccurrinF, at the ()rbiter's
att itud,,.
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(h)rporat fop, 19._ 1.

2. Sauir. I'. and Stone, L. I;., "Slmttle-t.;a lxperiment,_ in the Are. of
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TABLE I: OSS-I PDP INSTRUHEN'TA'r.[ON AND HEASUREHENTS

• I,OU ENERGY PR,)'rON AND ELEC,RON DIFFERENTIAL ENERGY ANAI,YZER

- Nontherrlal electrowl and ion onorgy spectra and pitch angle

distributions for particle energ, ies between 2 (,V and 5_} kt, V

• AC tIAGNETIC UAVE SEARCII COll, SENSOR

- Ha_;netfc fields wlth a frequency ranp, e of If)llz to $_} kllz

@ TOTAl, ENERGETIC EIJ.;CTR(}N FLI]XIIIYrER

- Electron flux 10 9 - I014 electrons/cm2sec

• AC ELEC'£RI(: AND ELE(:TR()STATIC t_AVE ANALYZERS

- Electric fields with a frequency range of IO llz to I f:llz

- S-band field strength raeter

• nC _'LECTR(_STATIC DOtIBLH PROBE _IiTtt SPltERICAL SENSORS

- l;lectric fields in one ,axis fram "2 1.1V/m to 2 V/I_I

• DC TRIAXIAL FLUXGATE HAGNETOI.tETER
d

- _klgnetic fields t'rot:, 12 milligatms to 1.5 gauss i

• LAN(:HU IR PROBE

- Thermal electron densities between l_/_ and Ill 7 cr _-3 i1

- Density irregularities with It) m to 1{1 km scah, size .,

¢ RETARDING POTENTIAL ANALYZER/DIFFERENTIAl, VEI,t)CITY PROBE i
-]

- Ion number density from I() 2 to ll) 7 cnC 3 J

- Energy distribution flnction below 16 eV
- Directed ion velocities up to 15 kr,;/aec

• ION HASS SPECTROHETER

- _4.a_s rarig, vs of | to 6f4 atomic ross unit8
- Ion densities frora 20 to 2 x 1()7 ions cm "3 _i

• PRESSURE (IAII(;I:,

, - A_btetit pt'essuro from I0 -3 to ll} -7 r.0rr• t
t

;-" .j

_'7 . .]
i
:.._ oi

! ,

t-

.75 :
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ORIGINAl-pAGE18
oF pOORQUAt.n'V.

ORBITER /__ !"::'/::_::'THRuSTERPLUME

!i " :I,
1

/ \ '_]
Figure I. l?.lustration indicating the principal science objectives for the i

Plasma Diagnostics Package (PDP). The PDP contains instruments '_

for measuring plasma fields, waves, composition, temperature and _
distribution functions. The Remote

Manipulator System (RMS) moves ]
the PDP about the Orbiter in pre-planned trajectories to measure !

electromagnetic interference (EMI) levels, the pressure profile,

properties of the plasma wake formed behind the Orbiter and i

effects due to firing an electron beam into the plasma. I
I

I
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;,' ORIGINAL PAGE IS

...... OF POOR QUALITY

i:.J"_

•_ \

=1 \ ELECTRON BEAM

_ LEAVING ORBITi ' PLASMA

REMOTE DIAGNOSTICS

SYSTEM

.f

t

.1,=

\ a,---k--4_ _
\ \ I

1

aSTPULSE \ .i
ELECTRON _ . '_GENERATOR "

EARTH'S
MAGNETIC

FIELD

Ft_ure 3
iL.

Scheme f(_r the .toint PI}P and FI'E(, Ol-,eration_. As Lhe ealectron beam is fired

almlg s.me angle t_ the earth's m:tgnet!c fteld, the RM,q swet,ps the PlIP t_;I,-'k
,llld fnrt|t ner_.q._ t:h_ beam lte_iati 1:o mnke tlloasurements :_f plasma fields and

waves and of the energ,." distributions for electrons ;llld [t_liS.
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"_..- CONTAMINATION ASSESSMENT FROm STg-I AND STS-2

)
_ L.J. Leger_ .H, K, ¥. Ehlerst and S. Jacobs

NASA Lyndon B. Johnson Sp_ce Center

E. Miller

NAS,_ George C. Marshall Space Flight Center

ABSTRACT

k preliminary assessment of the Space Shuttle contmnination environment

has been made using data from the first two Orbital Flight Tests, STS-1 and
STS-2. Data sources consisted o£ crew observations during flight, post£1ight _
vehicle inspection, and the induced environment contamination monitor which
was used on STS-2 and consists of 10 instrument_. These instruments are used

to measure gas phase contaminants, particle population, humidity, and molec- !
ular deposition in the Orbiter payload bay during ascent and descent and

particle populatlon_ molecular deposition, and gas cloud during orbital !
flight. I

Results of the measurements described are presented in summary form and
indicate low molecular deposition rates for both pressurized and orbital
flight. Particle migration did occur for ascent and descent. Overall as-

sessment of particle density representative of operational flight Dill be
made after further data are obtained on STb-3 and STS-4. Preliminary molec-

ular cloud calculations based on mass spectrometer datalndlcate water
cclumv densities in the range of 1013 molecules/cm 2 dur,ng the initial mis- :'_
sion phase followed by a gradual decay. Analys_s of gas densities for other

species is not complete. Particle production during orbital flight occurred
predominantly during the early mission phase (<12 br mission elapsed time)
and immediately before vehicle reentry. Sig_Ificant periods of the STS-2
mission seen to be free of p_rticles.

INTRODUCTION

The Space Shuttle, which has been under development for the last 10 yr,

has been designed to provide a versatile Earth-orbital payload delivery sys-
tem and experimentation base. This development is coming to fruition in the
Orbital Flight Tests (OFT's)_ which provide for a complete assessment of sys-
tem performance and verification of the system requirements (ref. I). Data
from the first two 0FT's _pace Transportation System I (STS-I) and STS-2,
provLde the bds[s for a preliminary definition of the Shuttle eont_mlns,t en-
virmument during flight. A s_ary of preliminary results obtained _s pro-
vided in this report.

281
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Several sources of data have been used for definition of the Shuttle
environment. The induced environment contamlnaCion monitor (IECH) (ref.
2) provides the bulk of the data as derived from STS-2 (ref. 3) for quan-
Citatlve definition. Other sources t such as in-fllght crew observations
and postfllght vehicle exmninatlon, are also used as necessary (only data
available from STS-I) to provide a qualitative evaluation or support of
IECHmeasurements.

Since most of the contamination data, as obtained from measurements or
preflight predictions (refs. 4 to 7), are point source dependent, a descrip-
tion of general mission events/time line is included in the discussion. A
summary of measurement plans for STS-3 and STS-4 is also included.

A large group of people participated in the IECM design, development,
and mission measurements. The prime participants of the progrm were as
follows: quartz crystal monitors (QCN's), James A. Fountain; air sampler,
Palmer N. Peters; cascade impactor, Billy J. Duncan; optical effects module
(O_/) and passive sample array (PSA), Roger C. Linton; camera/photometer,
Jerry K. Owens and Stuart K. Clifton; humidity monitor and dewpointer, Henry
W. Parker; electrets, Michael Susko; data reduction, Fred Wilts; and system
lead engineer, Larry Russell. The effort of these peoplet as well as mem-
bers of the Particles and Gases Contamination Panel and the Contamination Re-
qufren_.nts WorkingGroup, is gratefully acknowledged. 7

1
MISSION DESCRIPTION I

A general description of major a_ss_on events _a g_venfor correlation I
wlth contam_natlonmeasureaents. Since detailed contamination data were not J

available from SY8-19 only a brief deseription is given for this mission.

ST$-I

The primary Orbiter vehicle attitude used in the STS-1 mission con-
sisted of the payload bay facing the Earth (-ZLV, Y-POP) and was used for
54 hr, or almost 37 orbits. Water damps occurred three times, and the flash
evaporator operated during the orbital phase of fl_Kht. Both malv reactio,
control system (RCS) engines and vernier RCS (VRCS) engines were used ex-
tensively for vehicle attitude control.

STS-2

The STS-2 minion was originally scheduled for 5 days but was shortened

Co 5_ hr beceuoe o£ loss of one o£ the three Orbiter fuel cells. Like STS-I, i
vehicle or{entaeion #Ith the payload bay facing the Earth was the p_mary at-
titude used for the STS-2 mission. Major mission events used for contami-
nation assessment are shown _.n figure 1. The payload bay doors were opened !
at 2.53 hr mission elapsed time (HET)j and the mass spectromete_ (NS) was
initiated shortly Cherea£ter_ at 3.33 hr M_ _

.J
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_,. A gas release of neon (Ne 22) dad w_ter vapor (H2018) occurred at
;:" 33 hr MET. The gas release was to occur in conjunction wiLh a vehicle
; roll of 180°; however, because of the shortened m_ssion_ the vehicle
_ remained in -ZLV attitude.

A planned power outage caused the IgCH to be turned off for 3.0 hr at
33.58 hr MET. Two major water dumps occurred at 11.81 hr MET and 36.16 hr

i') HET and a minor one at 23 hr MET.

Steady-state evaporator op_ra_ione taatLn@ at more
flash 40 Min

.... occurred seven times during on-orbit opet'aCLons. In addition_ shorter dura-
: - tion flash evaporator operations occurred 11 times. Operation of both VRCS

and discrete primary RCS was prevalent throughout the mission. Remote manlp-
utetor system (RHS) continuous operation Cook place from 23.25 hr MET to
28.50 hr MET.

IN-FLIGHTOBSERVAT!ONS

In-flight observations by the Shuttle crews provide a qualitative as-
sessment of certain contamination source characteristics. For example, it
was apparent from STS-1 crew observations that a significant number of large
particles (debris) were released during payload bay door opeuln 8 operations.
The particles were described as pieces of films, fibers, and even washers,
generally what appeared Co be manufacturing residue. A few particles were
also n ,iced on STS-2 during door operation, however, at a considerably
reduced level, which is consistent with vehicle cleanup from STS-1, since
considerabte debris was cemoved from the tower midfuselage and vln8 areas
after the 8T8-1 flight.

Particles were observed during liquid waste and water dumps. These
dumps seemed to cut off cleanly. No particles were observed as being as-
sociated with RCS firings or water flash evaporator operation, although
RGS engine plumes were visible during night portions of flight.

POgTFLIGltT ORBITER INSPECTION

The Orbiter payload bay surfaces were inspected after flight for evi-
dence of contamination for both STS-1 and STS-2. In general, the surfaces
were free of condensable tLlms with the following exceptions: ins,de sur-
faces of thermal control blankets on development flighe instrumentation
(DFI) unit and inside surfaces of optics on the television cameras. The ex-
terior Surface of the television camera blankets, consisting of Kap _n, a
high-temperature polyimide film manufactured by E. I. du Pont de Nemours &

_, Co., Inc., was affected from both the STS-I and the STS-2 flights.

Contamination found on the celevislon camera lens originated inside the
lens assembly because of the use of an unacceptable lubricant. These ca_ers
lenses have been vacuum baked and reinstalled.
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ilI" Light contamination deposits were found on internal surfaces of

_.. the DFI package thermal blankets and bracket_. These deposits are being

analyzed.

The affected Kapton on the television camera blankets of STS-] and

_: STS-2 has so far been somewhat puzzlLng. Cursory examination of tile af-
t" fatted surface indicated that the film had been contaminated; how_var, sub-
_%)' sequent scanning electron microscope examinations showed that the surface
_;'t. had lo_t material (tower than surrounding unaffected area). In additiont

the surface had a "foamy" appearance, as shown in figure 2, not inconsistent
with material removal from tile surface. Strong shadow effects evid,,nt on
some surfaces of th_ blanket _uggested a solar radiation effect. %) dart,,
rad[a¢ion simulations in vacuum have failed _a repro_iucc Lhe £1£_ _e_ults.

Wipe samples were taken from the payload bay door sur£aces to measure
contaminant film thickness, Trichloroethane/ethanol was the solvent ueed

for the wipes, and approximately 0. I m2 (I ft 2) of surface was sampled. The
wipes were extracted with additional solvent, and the solvent was filtered
and evaporated to obtain the nonvolatile res£due. Results from both flights
are shown in table Y. Surfsee_ sampled for STS-I served as control areas
for STS-2 measurements.

Since the IgGlq vas not carried on ST$-I, a portion of the IECIq passive
sample assembly was flown on the DFI. This assembly consisted of samples
of aluminum overcoated with magnesium fluoride, gold mirror, t81.0-nm (1810 _)
filter, calcium fluoride window, and several electrets developed for partl-
cle collection. Published results of optical property measurements made be-
fore and after flight on these samples (ref. 8) indicated minor changes in
optical properties. All of the changes can be attributed to particles col o
letted during the long exposure to the Orbiter Processing Facility (OPF).
In general_ no molecular film was detected except for the back surfaces of

some of the samples which had a large view of painted DFI structure, i

i

IE_I 9UBSYSTEH PERFO_E :[

'i
d

During the STS-2 mission, the 1EPA_ subsystems p_r£ormed as planned with
only one known anomaly_ that being a Io_ battery voltage condition occurring
during the descent phase of flight. The data acqulsieion system, _hich is

programable and microprocessor-baaed, sequenced instrumentation_ operated j
properly _nd collected approximately 6 million bits_ _hich were stored on
the llICN recorder. These data wer_ recovered when the IECHwas returned to

q

the NASA George C. Marshall Space Flight Center (_FC).

The IECN battery consists of four 64 800-C (18 A-hr) lithium carbon
monofIuoride primary cells connected in parallel. This battery powers the

IEG_ for _scent_ descent, and postl_nding operations. It appears that the

battery system did not deliver _he lull 259 200 C (72 A-hr) of energy as
expected.
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Thermal control is accomplished wlth a system that ia designed for ac-
tive heating and passive cooling. The top and sides, which are coated with
Sl3_-LO paint, mar,ufacturod by I1]inois Institute of Technology Research In-
stitute,, are the_Inally isolated from the into, rnal structure,. Active ImatinR

is provided in the bcla_,plat_., on which moat of the instruments ar_, mounted.
Flight mea_uremmits showed that the IECH internal temperatures w_r_ all with-
in acceptable limit_ (284 to 30fi l< (Jl" _o 35° C)).

IE_M NE_'_UREetENTS

I¢CS instrumene descriptions and meas.r_m_.ts mads on 8TS=2 are d£s=
cussed in this _ection. Comparison n_ m_asured value, to prediction and/
or requirements are made, if appropriate.

G.,e_ SANPLER

Gas samples are collected dur;ng pressurized phases of flight for
ground-based chemical analysis and in-flight humidity measurements. This
system consist_ ok five gas collection vessels and a dewpoint attd humidity
sensor. Vessels 2_ 3, and 4 are used during ascentj and vessels 1 and 5 are
used during descent. Vessel 2 contains absorbent materiat for the determina-
tion of trace gases and consensuble material. Desorbed constituents from

= the absorbents are analyzed by gas chromatography/mass spectroscopy. Ves-
sel 4 contains silver-oxide-coated platelets, which react with any hydrogen
chloride (HCI) in the v_hicle environment. These platelets are analyzed

using electron spectroscopy for chemical analysis (ESCA) and dispersive X-
ray energy analysis £or traces o£ chlorine subsequent to [lig_t. Vessel 3
aiso contains silve_ ox_de a.-ui is used for aamplin$ at high altitude _or
HCI. Void volume gas (s also analyzed after flight for trace contaminants.

Vessel 1 is used during descent and contains the same absorbents as ves-

sel 2. Nitrogen base compounds such as ammonia (NH 3) _nd hydrazine (N2H 4)
are absorbed in vessel 5 on ruthenium-chloride-co_ed placele_s_ which are
analyzed u_ing ESCA and X-ray energy analysis. As with the other three
vessels, void volume gases are also analyzed for trace components using mass

spectroscopy.

Results from the gas sampler rre available for the humidity _onitors,
reactive surface analyses, and void volmne gas analyses. Ascent humidity
was below the 266.5-K (20" F) dewpoint limitation of the dewpointert and rel-
ative humidity was <1 percent. These results are expected since the payload
bay was purged with dry nitrogen gas before flight for both STS-I and STS-2.
Descent humidity increased beginning at 3 l_a and rapidly leveled off as
shown in figure _ This humidi_y buildup is lower than that expected from

k
the entry environment payload bay temperatures.

1
Analysts a£ L|m reactive surfaee_ h_s been completed. No evidence

could I_! [oun_ [or chlori_e o_ she _ilver=oxide-_oated pl_etets indicating
an ltC1 concentration Of q2 ppm. The ESCA on the _utheni_un-_o_ted _laLelets
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•-' Lndicatmt vary little, i.[ rely) r¢_acl-i(-m wiLh ni.tropc.n c(,ml,,,)..I;_° A minor in-
dic.alien aftra: ](rag _'o,Hltifl} _. I-J.moft waf_ noti,:od. A.,.,)7,)i,_ ,_l- ),.,_i,h.<) gat_ ;;a

ftP.V)_r ftJ. Of £h_ V_'titl¢'] t') ,|i,I not _o_tt,al .'tn_ t_i g)_i f i ermt i,mou.l: ,,f ,,,.I ,',,.i nanr
) p.ac¢,

t: AbleRA/ PII(.)TOMI';TI,;N

l
, () %),/Two 16--,m=nphL)tol.:Val.d_i,, cam.tar), .c_inp, Eo,lak l.k_uhLe X l.ilm,, Ltpc I.,,._~=

._ -
I|ailt l.|rti,'lo'_ _tfld I)at_kg,'nl|nd. I,;a,'h wa_ ho.,,,,d withitt _. i.(.,_t.,)iz,.I ,.,,._;.
tel' lind ,)l.,l';_tod automat;tally t:hr,._:h,.ll _I,0 _J,.art_nn, mnklnp; t_iw_l.c'anr'n_,,_
expo_ut'_ oil a _o!!t;it_o_tm La-ia cv,_'t_t 150 _cc. The ('a..'rm_ w(.v,. ,,q.ilq.rd
with IR=u_u, f/n.q Ienue,_ a.,l mthten,ted .v,.r!app_ng ?0" f;,,Id, at r v;ew. An
integrating photomvtet' wan u_cd to itlhibit the expo..re _.,qt.,uc(,_ d.ri.8 pc.
r[ods of exces._ive il lumination a_d to termlnat_ th00gpOSUres at prea_t
light levels. During the exposure_), a camera ,hutL..r operat__d in a _-h,.pptng

mode to i,,olate the movemt_nt el particlet; for velocity detevmination_. Cal.*
culations based on tit(, preflight £ilm calibratitm indicate that parri,-los as

small as 25 _ can 1_ d_tected under ideal observit_g eo_dition_.

More th_n !075 _xpo_ur_,_ were oht'ained by each es,mra during the time
that the Orbiter payload bay doors _re alma, Of,the_ae) more than 500
frames had exposure times o£ bet:wets I and 80 sec, with the length of the e_-

posure depefldet_t on the background illumination recorded by the phot_m_t_tet.
Preliminary analysis of the data indicates that as many as 45 ?xposuee,_ _rc_-
each camera shin. potential contamination due to particulates. The low per-
centage of data frames indicating particulates is partly because contamina-
tion can only be detected during periods in which the Orbiter env;.ronment i_
sunlit and the background is dark enough not to mask the illuminated part:i-
cle tracks. The occurrences of these c',nditions were severely ll-aited on

STS-2 but will be considerably more frequen_ on STS-a and STS-4. However,

preliminary analysis irtdicat__sthat a majorigy ol data £rat_.s obta_n__d dur-
in_ these comlitio_ do .o_ 8h_ contaminant particles,

The contamination recorded by the cameras sometimes took the form of

"';nowstorm" events) wiLh sometimes b_tter than 30 individual particle tracks

visible in a single frame. Hany of these events have been temporally cor-
related with water dumps, engine _irings, and payload bay door activities.

.._ A number o£ gramea show slng_o _racka which, must be discriminated from back-

ground (e.g., !ight_ of cities) by further analysis.

The photomet:er section of the system is capable, in the configuration

used on this flight, of measuring brightness levels B between B/B 0 =
2 _ x ".0"15 arid B/B(I ) -" 5.5 x 10 -12 , where B6) is the solar brightness.
The primary sources at error in the meat_uremenl are high voltage to the

}" photc_mu!tiplier tube (PMT) and integration time, whigh wer_ mea.urt_d during
(i"" the mi._slon. It is estimated that the error iu PMT gain due t,_ tim enter-

/ tainty of the h;gh-vo!tage value i_ app)o_imatoly 10 percent, _ff_d the |nro-
._ 8ratio. time is known to il see. There!ore, the (,rror in the background

! brisht.ess mea0uret_e.t i8 A(B/I_) = _t.OA x |0 -14 . Fat the lougest e_l,.)
sure recorded (i.e.) t _ 80 nee), Bt't_ 9 _::¢,.9 t. 1 _ I0 _14.

?'3 _ '::
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Rffort8 cont_nuln8 in the correlation of these data with Orbiter events
I include terminator and umbra crosslaSs throughout the mission, 8us angle,
_, Moon angle, and latitude, and lonEitude toward which the -Z axis is pointed.

.... Decay times for "su_storm" events will be studied, and mnasuret_ents o[ anSu-

_ let velocities and _f pmrtlcle distances from the camera viii be made. Spa-
tial and velocity distributions viii be determined, as vii1 the size of indi- .

, " vidual particles.

L_r, 'i

f

VoltmettLc concentrations off suspended particulates were measured by "
the cascade impactor durin_ ascent and descent phases of the 8_-2 mission, -.

I

The resultant instantaneous c)ncentrations are plotted as a function of mis- !
mien time in figure 4. t/ass concentrations were much higher for the 8mallet

particulates, with the $-_a and larger particles shoving concertrations of _j
approximately 30 _m 3 or less. Making assumptions for density end mean.
slze of 0 = 2 g/ca J and d = I0 pa, respectively, this mass concentratxon
measurement translates to approximately 3 x 104 particles/a 3. Within the *i
accuracies involved, this masts the Space 8huStle seal of an equivalent
100 g cleanroca environment.

The smaller particles showed sisnlficantly higher mass concentrations,

peaking in. the I- to S-_m range.at approximately 1350 j_/_ during ascent ;

i and approxlmately 700 _s/m 3 durzas descent. Somewhat lower concentre, zone I
are indicated for particles less then I _m in size, 700 pg/m 3 and 180 _/u 3, Irespectively, during ascent and descent. However, the concentration measure-
ments for these smallest particles should be considered only a8 a lover 1
limit because the stage was operating near saturation, with reduced collec-
tion efficiency.

I

In addition to ascent, and descent particulate measurements, the cascade
impactor was operated duriu_ the prelaunch phase in the Operations and Check-
out ares, the Orbiter Processing Facility area, and during the approximately
ll-hr hold on the pad at the NASA John F. Kennedy Space Center (r_C). Micro-
,copSe exss_nation indicates good particle size discrimlnaclon between the

• three mnasuriu8 stages and, qualitatively, sparsely populated particles of
$ _,a dim,star and larger when compared with the I- to $-_m stage. Satura-
tion of the 0.3- to l-pro stage is also indicated in this examine,ion. Most

• of these particles were, of course, collected durlnS prelaunch operations,
principally during the hold, because of the relatively longer operating

" r times . These umplu viii be analyzed for particle elze distribution and
elemental content of particulates collected durln8 operation in prelaunch
end mission environments.

Nonvolar.ile residue at ambient temperature was measured throughout the
_..... mission a_ is still being analysed.
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OPTICAL RFI_CTS MODULEAND PABSIVee _UNOPLEARRAY

• . Optical Zffects_ Module.

:. The elm is an active monitor of monochromatic (253.7 ms (253? X)) ultra-
"." violet transmittance and scatter, and operates during the orbital phase of

":" the mission. Five optical samples are mounted at equal in_.ervals on the cir-
_,o cumference of a carousel that rotates in the Shuttle X-¥ plsue. A sixth, i

_pty, sample mount is included to provide for self-calibratlon of the trams- i
: :,_ mission measurements during each operational sequence. Three of the five op- !

". tical samples accumulated_ as prograaed, more than 90 percent of the direct .
exposure to the cargo bay environment.

-_'.. A materiels list_ of the five OIM samples end a statuary of total role- ._
_,
.- sLon results are shown in fLsure 5. The level of uncertainty for Omq trams- ,

mittance measurements, established by laboratory investlsetiou, is approzl- . ./_. mately il percent.

Most of the in-fllght optical change noted for OIM samples occurred
within the first 4 hr of the mission. Throughout the remainder of the
flight, continued gradual degradation at a lowered rate was generally
evident. The levels of change indicated during t_e intervals less than
1 hr are gener&lly within the range of measurement uncertainty.

The O_! scatter data provided some indication of increased diffuse
reflectance frnm the smaples! pL:ticulate contamination would cap.as such an
increase. The magnitude of scatter change, hog.ever, was in all cases less
than or nearly equal to the uncertainty leve_, of these moasarelents.

Passive Sample Array

The PeA included 42 optical samples of various materials plus 2 KIW-5
crystals and 8 electrets for enhanced chemical identification. Orbital mis-
slon results indicate an average specular degradation of 0 to 2 percent in
the spectral region 120 to 300 nm. G_nerally, no siRnificant change was
evident for diffuse measurements over the range 250 _o 2500 nm. These
results are 8euerally compatible with the results of the passive optical

_ sample array (POSA) unit flown on STS-I.
q

For a measure of contamination due to the 8round operating environment, !

measured particle counts from samples removed from the OPF at F_C indicate
__ particle distributions of 10$/ca 2 for the pre[l_ght ezposed samples, as

compared to 103/ca 2 for the [light and ferry-fllght samples. In all cases,
the distribution of particle aim is heavily concentrated in _he sin ran8_

_'- <I0 _ diameter (similar to 8TS-I POSA results). Optical measurements on
-: the samples removed before flight of STS-I and 8TS-2 indicate some degrada-

tion (0 to 5 percent). No significant (measurable) change wee measured for
__.- these samples at wavelengths in the range 250 to 2500 nm.

"" Passive sample _array electrets, investigated before and after the
=-" [light with an X-ray microprobe, indicated accumulations of quantities

J
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of chlorine, silicon, potassium, ctlclum t aluminum t copper, I_eaI_oruJ, sul-
fur, and chro_ua. Chlorine, phosphorus, en_ silicon were most clearly of

: fl'lht orisins, as distinsu£shed from the ferry flight.

- An electret removed from the 0PF at FJC before flisht indicated the
presence of all eleo_nts seen on the flisht electre_ts p.lus sodium, ma8ue-
slum, iron, and nickel, end greater relative abundance of all elements de-
tected. ,

Several of the optical samples were tnvestisated us_ns t_e technique of
&user spectroscopy. There is not convincing evidence of even 8 monoleyer,

_. - thick contmtlnant film. Trace quantities of carbon and oxyseu vere detected
ou all samples, including controls and umplas of the ferry flt8ht.

" quAir_ CiTSTaLNONITOlt *

TnmMLLY CONT_LI_D _q

The DICH carries five thermally controlled _'s (TqCM's), one on each
side and one on the top surface. Bach unit contain8 two l$-@flLs quarts
crystals! one of these is the sensor crystal coated with masuestum fluoride
end the other is the reference crystal. The frequency difference, called
beat frequency, cheeses proportionally to the sensor crystal mass cheese.

The mass deposition rate is • function of impinsin8 mass flux and
sensor crystal temperature. To differentiate between material species, the
sensor crys__al cycles throush certain temperature levels during the mission.
The levels chosen for STS-2 are 303 R (+30 e C), 273 R (0 e C), 243 E (-30 °
C), and 213 K (-60 ° C), lastin8 2 hr each, with a level of 353 R ( TC) of
30 rain durat_.on in between for crystal cleanup and a stepwise temperature in-
crease at the end of each full cycle for desorption analysis. The 8T8-2 mis-
sion allowed four full ll.S-hr cycles on orbit, as described previously. In
addition, the TqCNes were operatinK duties ascent and descent without temper-
ature control.

Durin8 the 8T8-2 mission, the side Tq(Meo measured _mainly direct in-bay : _-i:
surface-to-surface flux, vhereea the top TqQI measured eeaentlally return
flux. In addition, the forward T_N collected some return flux end the top
T_CN a fraction of direct flux. _ach of the instruoents functioned through-
out the mission and provided frequency and temperature data.

Analysis of the beat _requencies recorded at I-sin intervals for the
five units durin_ the mission is complex because these frequencies depend
not only on mass edsorption/desorption rates but al_o on sensor crystal tem-
perature, vhich unfortunately cannot be kept as stable as desirable. There-

",._ fore, only a summary of the overall centmeination effects viii be presented
here. The results fr_u a detailed analysis will be published later.

i" i
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For this discussionp only _txiuun deposition rates durins stabla temper- I
ature condLtiuns viii be used. Amen8 the five sensors, the one poin_inl for- 1
yard appears to indicate the hlahnst nasa deposktion rates. This is under- 1stsndable since it is _xposed to most of the payload bay and its carp0o, in

_ this case the Office of Space and Terrestrial Applications 1 (08TA-I) pack- j
ase. It also received by far the laraest share of the return flux. There

does not seem to be a stantficant trend (beyond musutement uncertainty) of i
i_ its output _ith respect to uisAton elapsed trims, as 'L,_I1 as sensor tempore-
,_ sure. Its equivalent mass deposition rate averaaes approximately 1 x 10 11 ;
_ 8/om3-sec for oU temperatures, 8 valse that is very close to the one pre-
:_ " dicted by the 8P&CK lZ/aTa-2 _lathelatical _01 after thorouah outiassLQ/.
.=.. There is no obvious rite reduction with time indicated by this sensor. '

The TQCM located on the _¥ side of the ZKOt collected only a fraction
of the rate measured by the forward T_q. As can be axpected_ its rate de- i

creeses with time and increases with lover sensor ten, eraSure. & deposition
rate of approximately 2 x 10-12 8/cm3-sec at 273 E (0 C) is indicated near i
the end of the mission. The TQCM's placed on the -Y slde and aft side of
the ZECM shoved even lower output. ' i

The top T_i presents a very complex or erratic frequency output pat-
tern. At least part-tins instrument malfunction is indicated. No attempt
co interpret its output has been made. • _

In sus_ary of the T(_H data, it appears that deposition rates either I
are already near the 89al or at least are in reach (._orvard sensor) of the
8eel of 3 x 10-12 8/cu2-sec despite the direct flux znpot from 818-2 pay- !
loads, i!

czzozNzc i
& pair of cryosenic (_f's (C_M's) is mounted on top Of the lgCM. They

are insulated from the structure (to • different dearie) and cooled by way
of passive radiative couplins. Sensor temperature, therefore, varies arLth
the radiation environment. _Xf es4_aed long enoujh to "cold space," sensor ,H
temperature may I_t as Ttowas necessary to permit de_sltion of utter for re-

:" turn flux measurelent. Rovever_ it my take 12 hr to lower the sensor ten- ."_" porature from 293 K (20 ° C) to 140 E(_133 ° C) under optimum conditions.

i

The 8T8-2 mission did not provide for these conditions, and it is fair: !
to assess that return flux of water use not detected. 8Lace the sensor ten-
perature varied throushout the mission, data analysis is time constmln8 and
not completed. However, C(_! deposition rates are consistent with TqOl depo-

+._ _+ sit:ton rates.
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,_ IM88 8HCTitfXWUlt

i_" - The Z|C)I is eqL .ppnd with one sans speccrooeter of the quadrupole type.
Located at the top surface of the l|CNm the 148 points lu the Orbiter _Z di-

,. * faction with s field of view of 0.1 st. The spestral r.an.8e extel_d: _ou 1
:.. re I$0 AlqOts, and the sens'.tiv_Ly ren8es free 10o to 10 l/ ooleculas/cw'_-sec

_,_ flux. l(ornally, it takes 2 sec to scan each ANU resultin8 Ln _*,ninte/,rated

_i_.: mass rense and 8 tins period of equal duration to scan the mass 18 pack re-

peatedly. ":

Durin8 the 8T8-2 sissies, the N8 performed only return flux measure-
ments. The results may be analytically converted into colunn density data

';" and further related to the si_cial characteristics of individual mass
" sources. - -

This task is cooplicatnd by an interference of a number of known and
" little-known parameters, such as ambient 8as density, Orbiter orienl_ation,

differential scatterin8 cross section, anSuler mass flow distribution, and
,, !/8 characteristics, n_mely Instrument backsround. As is well _own, the lat-

ter poses evaluation probleas_ particularly for water, but also for sases

- like hydrogen and methane. To aid in this data a.ulysls, a s1_clal 8as re-
]eQse aaneuver was executed durin8 the 8T8-2 ulaszon. Both Me22 and R20 Io
were rele_ued to serve U marked reference gas sources.

The KS functioned excellently throughout the ulssio_ and was operated
fron 3.33 hr NET to 49.16 hr NET _th the exception of a 3.0-hr lo88 of data
due to IIKCI!.shutdown, besinntn8 at about 33.58 hr NET. _ .-

Instrument output, above back|round, is indicated up to about AKU 100 _
with the dominant output 1/sited to uaxiuun ANU 44. Atomic mass units 2,
14, 15, 16, 18, and 28 make up the major contributions. These peaks point i
at the presence of water, nitroson/carbon monoxide, hydrosen, and aethane.

The discussion of the results here will be liaited to parts of the ANU
18 behavior because of the major interest in thl8 area. The ANU 18 output
in unit counts is plotted as a function of 8T8-2 NET in figure 6. Discount-
in k for the u_aent specific peaks, a &eneral downward trend of the output
from a high of approxlnatnly 27 000 counts at 3._) hr N&-r to about 2700 counts

• at 46.0 hr NIT is indicated. This slowly changing output, represents the cam-
,. bined vehicle and KS backsround. These two contributions need to be seporat-
_ ed, a task which is incomplete et this flue. A nunber of characteristic

,. chanses of the general backsround appear, however, at certain fleas durlu4
_ the ulssion, correlatin8 well with specific uisslun events. 8ome of _se

are also noted in fisure 6.

_-._. Anon8 specific events that affect data output are Orbiter attitude
• " chanses, particularly rim and wake attitudes. Their occurrence may assist ._

_ii_.... "' data snslysls. Durin8 vehe attitude, few ooleculas enter the K8, whereas 1

=_.:" durtn8 ran attitude, the flux into the KS is st its maxtunsa. Zn the case of _ .t
_'_ the 8T8-2 u_0sion for instance, maximum wake attitude was establlshed;a_ •
_i .... _ ebou_ 7.58 hr NET, as well as a_ about 8.33 hr RTI tom attitude occu_erud st

" !
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approximately 9.0 hr lqrt. Evaluation of the instrument outpet duriu8 the
time period includin8 t h_se times leads to an upper limit for column density
on the order of some 10 s_ molecules/ca z. A bettmr estimate of colman den-
sity will be derived uhan _[8 ba'.kfsround dafiniL'Lon Ls available. The ques-
tion of an additional water source nee/des normal deaorpti_._ _;._ ,,malus.
There is some evidence that the therwtl protection system absorbed mor_
water on 8TS-2 than for norwtI uuLssi©ns.

"-" Water dumps are also ezpec_ed to contribute siauificantl7 to the anv_ o
ronmant. Such an event occurredt for exemplar duriq the time period be-

*_ cwenn 11.81 hr _ ned 12.41 hr NET, and is reflected in s considerable in- i
strumont output increase. These measurements _qrree quantitatively well with

" 8P&CS II model predictions. ""

Another t_portent source of water is the flash evaporator system (1_8).
During the 8TS-2 mission, the L_8 nas intermittently in operation, for in-
stance, from 21.66 until 32.38 hr I_T u yell as after 46.36 hr lIT. The lq8
respoaan clearly foLLoved the intensity varfations of the source (fLa. 6).
The results also agree quantitatively _rith the 8PACK II model predictions.
The measured column densities are on the order of 1013 motecules/cu 2.

The output peakin8 at abo_st 27.45 hr t_T h88 not yet definitely been re-
Lated to any specific event. It is known, thouth, that RNS/RCS tests _tre
performed at that pertzcular time _Lth several of the en8ines fir_u8 for
L-set periods each.

• The Sea release was performed for about 30 mln duriu8 a -ZLV vehicle at-
cxtude. The resultzu8 Ne 22 peak heizht fails within the order of magnitude
predicted by the SPACE Zl model, but the K8 reaction to the R2018 teLnase re-
quires more analysis before any definite result is kurus.

rvTuu FLUS

The _l_Clqhas been prozramed for the same measurements for 8T8-3 as
$T8-2 (IKC_f ia the payload bey at Xo - 1179 and mass epectroeeter 8as re-
Lease), but an option has been included to conduct a contamination mappin8
sequence by using the IOI8 to place the ][ECN into 25 Locations in the peylc, td
bay vicinity. The direct flux from spectfic so_rces wL_L be Eeasured at
each of these locations. The mappin_ option will be used if mission condi-

tions permit. " _ ._. =: i

"_ Plans for the ST8-4 mission alan call for an IECN fliaht. In addition
,_. to _he normal operations, as previously described, as well as the contmaiM- :
- ties mappiq, if required_ s survey of the RCS plumes _11 be made ueLn8 the

RMS to maneuver the IBCN into the RC8 plume fLovfLeld. These measurements
will verify the tiCS plume Lmpinsement analytical models used zn analysin8

_ payload rendezvous and capture conditions, as veil an 8Lv_u4 tddLtLo_s_ con-
. teminatLon information. ....

..... . .- " - ...'"'..- -" "' 00000004-TSA01



00RCLUSlONB

A considerable amount of hish-qualit 7 data re8erdin 8 the 8hurtle cents-
: ination environment ha_ been obtained on 8TS-I end 8T8-2. The bulk of these

.._.
_r_ _ d8_8 has been derived from the 10 £nstrwHnts in the l|Clqm uhich worked veil
-.-;" duriu8 the 8T8-2 mission. Successful parfornence on the other two planned
_r_ ISCN flishts viii provide a thoroush definition of the shuttle environment.
k*

. Preliminary assessment of the 8T8-1 and 8T8-2 d_U has been completed.
_" In 8enerel, mass deposition durin8 any of the sims/on phases i8 within the

[ Shuttle requirements and pals. It is not possible a(: this time eo uamsb£8-
..... uously establish whether the rater molecular col,m- density, as derived• "r

e_. _ from 8astral instrument background, ts in compliance with requirements.
• Upper limits, which have been established from STS-2, are slightly htsher

_.. than expected for water. Determltmtion of concentrations of other asses
must await further analysis.

_ PerCiculste coutmtnstion durin8 preflizht ezposuru has resulted in

2: particle aisration durln8 _cent and entry. 8inca the Orbiter payload beyhad not been finally cleaned before the 8T8-1 and 8TS-2 flights, this result
is not unexpected. Cleaniu_ of the bey before 8T8-3 should reduce the peril-

s. cle population eonaidaraI)ly.

_ IC is not possible to completely define particle production during the
-" mission because of limited data analysis to date, but it does appear that

sisnlficant portions of the STS-2 mission had lov light levels (<1 x 10-13

f_or' which is encouraging considering the full Noon coedieions that existedthe flisht. Particle emission rates for sources, as well as quiescent
portions of flisht, will be established in the near tern.

.m
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-.. A FACILITY FOR THE SIMULATION OF LOW ORBIT ATMOSPHERIC

OXYGEN BOMBARDMENT
,'v

_.: G.S. Arnold, R. R. Herin, and D. R. Peplinski

"_'. The Aerospace Corporation
_ Los Anqeles, California 90009

! _: ABSTRACT

-_'.
As a vehicle travels through space, in relativt;ly low orbit, it experiences bombardment by fast

i_"" (~ 8 km/sec) Oxygen atoms by virtue of its orbital velocity. A vessel in orbit at 200 nmi, e.g. a
•" : Shuttle Sortie, with an assumed velocity, 8 km sec -l is subjected to an O atom flux of about I014
..- cm-2 sec -l. At 425 nmi, e.g. the Defense Meteorological Satellite Pro_,,_ (DMSP), the flux is

about I0 t I cm-2 sec-1. This readily reveals the potential importance of the chendstry of oxygen
atoms. Although the ambient atmospheric temperature is not extremely high, ~1000 K, the orbital

-_ velocity of the spacecraft causes the oxygen atom collisions to occur at high energy (~5 eV).

In order to investigate the consequences of atmospheric bombardment upon the performance of
satellite components in low orbit, we have designed a molecular beam facility to simulate the space

_" environment of a spacecraft at low orbit, with the intent of studying the effect on the properties of '
optical elements of oxygen atoms impacting at orbital velocity. The current knowledge of high

_, energy O atom surface chemistry and physics is severely limited. One of the reasons for this is the

_,. difficulty of producing a fast oxygen atom beam in the laboratory. Production of fast O atoms
beams of high intensity, needed in these studies, requires stgte-of-the-art beam source technology.
The four-stage differentially pumped molecular beam facility that we have designed includes a
variety of oxygen atom beam sources which cover a wide range of velocities(l km/sec to _8 km/sec),
in addition to the ultra-clean experimental environment of an ultra-high vacuum (UHV) chamber
and an optical diagnostic set-up.

The primary oxygen atom beam source used to obtain the 8 km/sec O atoms is an arc heated source.
=" It consists of a modified commercially available plasma torch. The modifications include attach- ,

ments which provide for a nozzle which is used to expand the atomic beam into the vacuum system,
and exhaust channels to dispose of excess torch gas. The torch operates in the "non-transferred"
mode of operation, that is the electric arc is confined within the torch. A plasma is formed in

?. helium by adc arc. A small amount ofO 2 is injected downstream from the arc where it is thermally
dissociated by the hot He into oxygen atoms. The high temperature and isentropic expansion give

• the oxygen atoms their velocity.

• Two other beam sources are also used to product oxygen atoms in this facility - a resistively heated
i source and a microwave discharge source. Using seeded beam techniques, oxygen atom beams of :

" 3.5 and " 1.5 km/sec, respectively, are obtained.

•_: The UHV chamber provides for the ultra-clean environment needed for proper performance of sur-
_-:-: ' face chemistry measurements. '

•- The optical diagnostics set up provides for measuring the effect of O atom bombardment on the
--_i'.. transmission of optical materials and on the reflectivity of mirrors. Changes in optical properties

!_ are measured as a function of total O atom flux and of incident velocity. An in situ volatile con-
_:' densible material _VCM) deposition apparatus will also be described. It perndts the investigation
-_: ' of the effect of O atoms on satellite outgassing impurities which can be deposited upon optical

_ ; surfaces.

";..... This molecular beam space simulation facility provides for a unique testing apparatus of the effects
of the ambient atmosphere on low orbit vehicles.
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" _," AUTONATINGA RESIDUAL GAS ANALYZER

i_. _ gard F. Petrie/Alvin H. Westfall
_ The Optical Technology Division of the Perkin-Elmer Corporation

_- INTRODUCTION

_. k: _ A residual gas analyzer (RGA) as "a device for measuring the amounts
and species of various gases present in a vacuum system" (ref. I) can#

.... ___ _e_fj1nmatlon needed Co properly evaluate an outlassins react to
• i_ troubleshoot an improperly operating vacuum system, or Co monitor a vacuum
• _ process. To satisfy any of these requirements, it is necessary to obtain

i_ and interpret an R_mass spectrum to determine the gases present in the
:_ vacuum system. The gases can be identified by their unique fragmentation
'_ patterns whlchmay consist of several peaks at different mass-to-charge
/ ratios (m/e). Depending upon the condition of the vacuum system and the P.G&

• _ being usedt the mass spectrum may be very complex with many peaks - some
overlapping and additive - being present. Obtaining a clear readable spec-

trum may be very cumbersome.
!

A recent update of the RC_ at Perkin-Elmer's Optical Technology
Division found Chat microprocessor technology had revolutionized thls
important diagnostic tool. This revolution is exemplified by the Inficon

, IQ200 RGA which was selected Co meet the needs of this update. Since its
purchase nearly one year ago, experience with its operation has show, it Co
be a vast improvement over the more cumbersome and hard-to-operate equipment
vhich it replaced. However, even with these improvements, we found that the
operator interactions required to obtain data from the instrument are still

• extensive and require that the operator have an intimate knowledge of the

/ instrument and its operation_ Training of the operators would overcome this I
shortcoming, but lack of a computer-compatlble data format still presents a
very significant shortcoming (this problem has been addressed by the mann- ;

'. " facturer_ but details _re still lacking on the extent to which thls problem
has been solved).

Early on, these limitations in the lnficon IQ200 were recogni_. In
order to circumvent them, we ordered the I_200 wlth a digital output module.

' _ This option outputs the values of digital d_ta from the table display pre-
. ,_ vkously programmd by the operator for mass number_ gain and dwell. &t that

?._: ! time, a Zilog Z80 16K microcomputer was also purchased. Our intention was
,' ,: to interface the microcomputer to the RGA in order co both command it and co

i receive and format the digital data from the RGA.

L. , This paper describes our approach to meeting this objective using the!.: r
Inficon RC_qand the Zilog microcomputer.

C
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_ In _nterfacing the microcomputer to the RGA, it was possible to use
i the paper tape command interface that is provided as a standard feature on I '
!.,.-- the RGA and the digEtal data module described in the introduction. The i
,_' basic design of thee interface Ee intended to allow the microcomputer to
_"" command the RGA in order to eel the proper mess and saln values for the

table rode of operation. Figure 1 shows tt_ cathode ray tube (CRT) output

i'_ . provided on the RGA for this mode of operation. The peak values that are t
i,i._: - given _n the tables once the galn_ multEpller voltage, and dwell _re set,

are i:_:_ided through the digital output option that .was purchased with the
9

The actual interfacing Es accomplished by adding svltchable gates to i

_ control the data dErectlon and using a parallel data input/output (PlO) chip i
i'? to transmit and receive the data and to control the gates. Figure 2 shows a _

l simple schematic of the approach. Note that the PIO chip has two ports:one of these ports [e used to handle the data while the other port is usedL._
; for control purposes, providing necessary "handshakes" for the RGA and to
, switch the gates. Simply byvriting the appropriate comund characters
• (eight-blt ASCII characters) into the data port, and then by appropriate

writes or reads into the other port, the various handshakes can be generated
or reud as appropriate. The microcomputer board is configured in such a way

, that the necessary gates and wiring can be easily added directly on the
board. Once the hardware is properly modElled, the only remaining effort is
to program the microcomputer. _i

The control program was written in stages. First, a program was
written that would perform the basics of coamanding the RGA and allow for
the testing of the commnd and read interfaces between the RGA and the
microcomputer. Once thee capability was demonstrated, a program yes written
that would cosmend the ROA to scan all 200 masses in groups of ten (this i

P approach is dictated by the limit of ten channels on the digital data output
option of the RGA). The data i8 stored in the microcomputer random access

: memory (R,_) space as it Ee acquired. The scanning starts with masses I
through I0 and the lowest gain value. The data obtained from the first scan !

- a_ _he lowest 8sin value is theu tested for validity, i.e., Et is tested to
:. see if it is non-zero. If it ie aero_ the gain value for that particular '_
: mass is incremented by one. Thle process is repeated with the gala values i

being incremented as necessary, until either all ten sasses have valid dace, _
_ or until data ie obtained at the maximum gala value. This data is nov sent ,
• out to be recorded on • computer-compatible medium. In our approach, the _
,.. medium meet useful to us is megnetlc tape. The microcomputer also provides

proper formatting of the data, organising it into proper records for record-
"._ ins (80 character records) vlth appropriate characters to signify the end of i

° each record. !

._ • Troubleshooting or debugging the program shoved up some idiosyncrasies ' i
!,:. of the RGA that requEred changes in the ce_e_d sequences. Since the pro-

gram is etr_ctured for convenience, valid data is not imaediately loaded
i.'_ into the RAMspace when it is first identified. Rather, a flag is set in
!- memory, and no further chaneee are mede in gain. Only when all ten channels

O0000004-TgB07
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t-:. _ are shoving valid date or when the maximum galn value is achieved, is data_. _ent out, _is means that the values from the last scan are the ones Chat
•

are used, Consequently, some masses that attain valid data on earlier scans
i.._ can be [ound to have saturated values. A compromise had to be incorporated
,, , both in the selection process [o_ vslld data, i.e., in the minimum value [ore

i/ ) vati_ data, and in adjusting da_@, w_,e, ;he final scan indicated that a_ value had saturated. For the ricer case, it was found thai adjusting to a
_ ; value just below the _scurated value was as valid an approach as either

i:_-_ redoing the scan or trying other more complicated prosr_in8 maneuvers to

i correct the problem, such as decrementing the gain value to the next lower
value and repeating the scan.

, Once debugging oE the basic control program was completed, the program

t! _ was expanded to query the operator Ear input of additional information that
_'. t is important to the completeness of the RGA date. This so-called header

: information included date, time, preosure oE the chamber, pressure oE the
I- RG&head, status of the calving connecting the RG&head to the chamber

i (since the valve can be either in closed mode isolated from the chamber,
cmmmnicating with the chamber by means of an orifice controlled bypass for

i use when the chamber pressure is high (as high as 1.5 x 10-2 torr), or
_ directly communlcating with the chamber), the multiplier voltage, and the

_! dwell. Changes were also made giving the operator the option of scan,ins '
only a limited number of masses rather then all 200 masses. The only
restriction on the mass channels scanned was that they be in aultiples of
ten, e.g., masses II through 40, I01 through 120. By making this restric-

i t_on, the progr_ing was kept simple, yet save the operator sufficient
_ flexibility to allow him to look at a small group of p_eks of interest more i

: quickly than if h_ had co scan all 200 masses to Look eC these same peaks.
Figure 3 shows a _low d|agram for the flnal program.

With the completion of the changes to the control pcogramt the entire
program was put into UVSPROM(ultraviolet erasable programmble read only

_ memory) which puts the program into the microconputer as part of the
hardware. As Long as UVEPEOHis left in piece in the microcomputer, no
wrlte-over or accidental erasure of the program is possible even if the
power is shut off. Additionally, it is relatively simple to remove UVEPROM,
erase it, end rewrite a new program into it. This feature makes the program

_ always resld@nt for the operator, thus not requiring any software loading |
_nto the microcomputer which would be the case LE the program vere loaded _.
and operated from RA}/ space.

_ RESULTS AND CONCLUSION

'_ _ The basic program has been used as • means of obtalning data Ear
"_. l outgusin8 evaluations of parts to determine their cleanliness, These tests
--; _ gave us a first hand opportunity to see how useful Ch[s automated op_rat[on

i and data collection from the RGA really is. The RGA settings which the__i operator is required to carry out is the setting of an appropriate multi-
plier voltage and ensuring that the dwell is set st the correct value for

I'_ ell ten channels. Math the simple first co_m_nd of "J tO00", the operator

_:: just enters the appropriate responses to the queries presented by the micro-
_ computer. Figure 4 shove the basic dat4 collection process as seen by the

J

[, •
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l!m
,'. operator, indicating a partial scan! flzure S shows the beginntn8 of a cow-

piece scan of 200masa_e. Figure 6 shows the data output for the 200
masses! this output is recorded by the operator on ma8netic Cape cartrtd8e8.
The data can nov be loaded into a larger computer for further processing.

_ Figures 6 throush lO show a sample of computer-generated plots pre-• pared on an IBM 370 computer. The plots are 8 seui-lo8 plot of amplitude
"_I_ _i_ versus mass number (mass-to-chafes ratio (m/e)). Gain is an exponential

factor and is related to amplitude accordin 8 to the following relationships: 4

" ' output value - true peek height x lOg sin (1) i, i_

true peak heiaht a mnplltude (2) i

output value - amplitude x lO_ sin (3) : i

amplitude - output value x lO-8aln (4) _i

Amplitude plotted losarithjmieally alloys all peak heights to be i
_ visible on one graph as shown in fisures 7 throush 11. This was a eiSnlfi-. !

cant advantage to us compared to the original bar graph of the IQ200 since
the low peak values were not visible unles_ the hish peaks were displayed as
saturated values. Figure 7 is a plot o£ the entire scan from 0 to 200mass
for a quick overall leak; fisure8 8 through 11 are expanded plots of the !

same data in increments of S0mass numbers for more detailed study. The ,_
horizontal llne on the plot is • reference value of amplitude _ich is 0.IX
of the amplitude of the 28 peek from the first reading at the besinninK of
the test from which this data was obtained, t

Based on this experience, we found that even minimally trained opera-
tore were able to obtain proper data with little or no difficulty. Also, i

the desired plots could be generated with relative ease for inclusion in the
'. final report on the teat. 1

As noted earlier, the manufacturer of the IQ200 has advertised an
optionwhlch would do much of what i8 currently done by the microcomputer
which we have added to our system. However, not enough information is

}; available at this time Co judas how versatile this option might be when com-
pared with our owu approach. Nevertheless, we can state that experience

" wlth other types of equipment has shown the need for costly modifications in
)/ order to receive a properly formatted output that is compatible with IBM

370'8 input requirements.

The adaptability of our approach to automating other available RGA
...._ systems will depend on sevQral factors. Some of the RGA8 available have
_ automated up, lone which may have the desired output and data menipulaClone,
_ and do not require any f_rthermodiflcatlons. These options must be
_'" assessed and compared with the advantases of auComaCin8 an RGA. If auto-

%

_,. me, los is a more practical approach, then several requirements must be met.
The RGAmust have a capability of bess8 remotely commended for the mass

_ (m/e) ratio and 8sin, or as a minimuh _ust have a port to alloy access to
the switches which control these paramedics. Also, dace output must be

30Sil
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available in • form b_ich will allow it to be digitized. Usually, any I
an•log output of the peek values will perT4lt the data to be digitised. The
input format required by the computer to be used to analyse the collected J I

._. spectral data must be known, along with the means of date transfer that is 1

available or desired between the RCA and the co_uter. With this informs- i

finn available, the economics of automating should be considered in relation t i
='" ....... to the RCA output •s there may not be sufflc_ent range or sensitivity avail- I j

_ able to justify the conversion. The Inficon RGAos flexibility aided our ii-- automation because, being mlcroprocessor-controlled, it could be c_anded '
with simple ASCII standard characters through • readily accessible port 1

i_." •vail•bit as a standard part of the unit.

.... The freedom that our own particular approach offers will enab_c us to i i
respond to any changes chat future requlrements may dictate. Moreover, only i
a small portion of the capability of the microcomputer has been Capped at
this time. It may be possible to make use of this capability to perform ! i

other more advanced types of data reduction in addition to its basic data
logging capability. The automated approach to data acquisition actually _ i

gives the output considerably more information _han could be obtained from _ i
the basic system without significant front panel programming. This is :

clearly illustrated by the plots generated from the data. Note in particu- :
lar that using the gain values that have been automatically obtained, it is
possible to have all peaks plotted on the same scale to give a better over-
all view than the RCA's own graphical outputs can provide. Therefore, we
feel that the addition of the microcomputer has provided • significant i

improvement in the capability of the RGA and is well worth the investment fn t
time and money to produce _t. It should also be pointed out that the par- _ j
tlcular microcomputer used is more sophisticated than required and that
simpler single board microcomputers should also be able to provide the same
capability at a lower cost.

REFERENCES ._
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I THE EXPERIMENTALDETERMINATION OF THE EXTENT OF OFFGASSING :

!, FROM THE EUROPEAN EXPERIMENTS FOR SPACELAB

i" M.Deheir
' EuropeanSpace A_ency

•. , ABSTRACT

_, The offgassingtest is one of the many tests to which Experiments to
be flown in Spacelab must be subjected priorto their acceptance.

' This test is performed in order to assess the nature andthe quantity
._ of potentiallytoxic volatilecontaminantswhichcould be released
_' within the Spacelab module.

This paper will descr_e the method adopted by ESTECand applied
to the European partof the First Spacelab Payload (FSLP) and will
give examples of the data obtained on selected European Experiments.
In addition a description will be given of how this approach was
utilised in the performance of the offgassin8 test on the Spacelab
Flight Module.

;_ ' i _,
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_ .... COITT/MINANTC_TERIZATION OF FT.VE SATELLITE NATERIALS

_ii J.A. Huscarl, Nartln Marietta Denver _rospece, Denver, Colorado

-S'!_ An extensive laboratory test program was performed to characterise
_' outsassing of five ssr._lllte materials. The materials were Ch_mgta.-e_G4*+-

Z-306 over 9922 primer, _*-773 adheJive, multllayer insulation,
_ polyurethane foam, and sllvnrized Tefl_n. The sources were prepared to

the specifications of a typical satellite program.
'* Dynamic thermogravlmetrlc mass loss characteristics of these flve

_.+ ++ materials were obtained In vacuum with a beam mlcrobalance. The
temperature of the material was llnearty raised from 25oc to over
650oc while monitoring the mass loss, rate of mass loss, temperature,

_; and the composition of the outgassed material by residual gas analysis.!
Isothermal source emisslon/capture coefficients/reemlssion parameters were
obtained wlth an array of quartz crystal mlcrobalances (C_:H), A detalled

7 test matrix in which the temperatures of the QCNs (-160oc, -100oc,

-40oC, and +lOOC) and the source saterlal (125oc, and 90oc, ._nd
+" i_ 500(:) were varied was performed. The array of° Q(_s was also _jsed to

measure the spatial distribution of the source emission. The effects cf
vacuum ultraviolet radiation on the deposttlon and reemfsslon parameters
was deter_atned •

Zt_ROD_TION

Spacecraft contamination has been widely recomntzed as a serious problem
on many operational satellite systems. Coutamlnation, whether naturally

" generated as a result of spacecraf_ design or operational aettv_tte_ must he

better understood and effectlv_ly controlled 8o that the operational ltf_t._me
-++_" ++ of costly spacecra£t sensors and systems may be protected and extended. This

paper addresses thls problem by obtaining laboratory source o_tgassJn8
i eharacterlsttcs, transport data, and reemtsstou parameters required by
"1 modeling equations used to assess contamtnatlo_ problems.

-_ SOUI_E HATEP.IAI_

_!:" _ The decision uas made to simulate as close as possible the materlsls a_
-_++_•_+_ they are used on typical spacecraft. The selected materials _ere Chemglaze

_i , Z-306 over 9922 primer, H-773 adhesive, uultllayer insulation (NLI),
'I_ polyurethane foam. and sllverl_ed Teflon. ......

4:

! Chemglaze Z-306 18 ,, flexible flat black polyurethane based thermal control
_!_;.:' , paint. Che_lame 9922 A/B 18 a two part epoxy primer for metal and
_..- epoxy-glass surfaces. _ondmaster H-77J _s a two past epoxy adhesive which 18
_i_I:,." _ mixed one to one by weight. HLI blanke_ material consist_ of 23 layers. The
.......:" . oute.r surface (exposed vacuum) is a Kapton fits wlth vapor deposited 8o_d on
_?_ _ the !nalde layer reinforced with Seta-Harqulsett glass cloth. The next 21
_'i+'_ | layers are &ltt_dately nylon net and mylar fllm alumlntzed both sides, The

_'_"_ _ last layer is the same as the first, except the Kapton is coated with
+_ ' .,.,mm. +k .from dou,lm,,. ,hnped .,rip of ,,uu, n, ee..eft, tape ++cribs.lye

on sl,tmtnma side, 3N-Yg55 Shetdahl adhesive) was used to hold the LiLI onto the

__i.i_ aluminum suhstrste discs. Sliver Teflon Is _ thermal _ontrol roa._Ing

_!ii• 311
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consLsttn8 of fluorinate dethylene-propylene film (IrEp teflon-type A) with
vacuum deposited silver on one surface. The silver Js overcoated with a
protective layer of nickel-chromlnua-lron alloy (income1 600). The FEP Teflon
surface is covered by • removable protective overlay • The overlay has a thin
layer of Nystlc PD-570 to adhere loosely to the FEF Teflon. The Intone1
surface has a thin layer of 3H-Y966 pressure sensitive adhesive to adhere to
the cleaned slumlnum substrates. Open cell flexible polyurethane foam I_
sendwlched between sheetg of ahmlnised Kapton. The Kept.on is bonded to the

foes by M-773 adhesive.

SOURCEm_SSlO_ BY_YS___Ic_RmOGitAVmETaV i

When classical rate theory is epplied to source emission, it can be shown that i
(_f. l)

mmmm

a

ms - We%( 1 - •-Ae ) (1)

where ms - sou.'ce Bass lose, _t : _
% - total ames of source, 8, !
a o - Inltlal mass fraction available for outBassing, _
a - emp/rical constant, rain-l,
B - empirical constant cal .mole -1, -_
R - molar gas constant_ 1.986 cal.mole-l.K-1, a_d
T - absolute temperature of source, K. t

Dynamic thersmsravimetry (DTG) obtains values for an, A, and B. The test _
facility has been described in an early paper (Bef. I). lYrO samples were I
prepered using aluminum foil as a m:bstrate for the paint and adhesive
materials. The foil was first conditioned by washing with acetone and vacuum
baking at 300oC for stx hours. The foil was used to provide a barrier iq

siLtlar to its flight use. 'I

Table 1 lists the results of the DTG amtlysis. Cheu_lase Z-306 thermal
control black Faint over 9922 prlaer has four different outSassin8 components
(each component may be a composite of many molecular species) whose outgassin8
rate peaks at successively higher temperatures. The first component
compZe_e_y outgasses with the first hour for source temperatures greater than
90 C; yieldln8 about 2.1Z of the initial material mass. The second .J
component is not as volatile as it requires more than I0 days co out8as its
2.7Z. Both the third and fourth components only contribute slsnlfi_ant
outsassin8 races at elevated temperatures greater tha_ 300oc.

Iso_zm_L souacz mxsszow TL_SrOaT _m!.S,,SZO_p_4rrsa vc_ ,

SOUltCE OlYrGASSINGTRROIY

An indirect method for determining source kinsttc properties is to use
Q_qs which are sainCafued at LI{2 temperatures so that the volatile
eond6_abls material (VCH) ram_tnion is ne_/sible. The source temperature
is maintained st s constant value eo that this method 18 dBsil_ulted isothemal

•._ QOI TG (QTO). Its prtnctp/e shortcoming is that the out_aeein8 mass loss
--_ distribution of the source must be known. This distribution can be estimated -

_i by au array of Q_Is.

'!
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i ! I
i _ To rigorously obtain the kinetic pare-_etsrs of the so,srcm materials, it

_ was necessary to modal the test conflpration. Complete details can be f_und

i I in l. For a source with two first order components
Reference

_! mQ . FSQWs( e(l)+a (2) a(1)e"k( 12)t)

itl " o o "'o (2)_ where mq - deposition on QCH, g,

! i! FSQ - diffuse vlevfactor from sourer to QCM,

_ .. " _tSS of sour¢@, 8,

_ '_ s(]) - initial source mass fraction available for emission,! _ o
F_.,, first component

i_ sin_ I*_ k(i)s - source rate constant, firet component, ,

i
_ second component,

..... k (2) = source rate constant, second component, aim "l,8

t - time, sin.

Dynamic TG exhausts the volatile component of a source because it raises

the source temperature to decomposition, thus the values of a_ I) and
a_2) are obtained. Thus, any arbitrary time during the Isothenmal QCM
test, the equations could be Iteratively solved to obtain the two unknown rate

) " constants. Alloying the tests to run long enough for the high volatile

it ___ component to be completely depleted le.ve8 only the lo.r volatile materialThis procedure requires that the two active components have large dlffereuces
in their rate constants so that equations together with the values of

_ s_2) from DTC till unlquely determine k_2). Once the two propertie8

of the lot volatile component have been determined, earlier data there both

species are actlve can be used to compute the values of a_l) and
• k_l). This procedure can be used to analyse sources with more than two

components provided that the rate constants of the components are
signific.ntly different. The method simply starts at the end of the test and

I works beckva_ds to the beginning solving for the components of each successive
active component.

I_i CVCH REI_/ISSION THEORY
o

_•_ Bees/saLon kinetics can range from • first order rate process, exponentialin character, to a constant mass loss reemission rate (nero order) The test

_i, for the collected tel.iLl, cond.nsable .t.rial (CVCN) r..i.aion kinetic, are

..... to be evaluated. Then, the source is raised to a hish temperature (about
125oc), and the VCM allowed to deposit until a peak is reached, et which

_ time the source Is quenched with LN2. The basic 8overnlns equation,
_ ". aesum_,ng first order VCM_eemission kinetics is

[ oa ]i=l _ a
!_ where

f,
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i! 111_i) - ma,ss of Ith co111panentwhlch La permanently absorbed
onto the QCH, R,

111_) _ mass of the i th commpon_nc initially on oh- qCM
immediately after que,1,;hlng the t_ource, g,

k_t) _ first order rat,, re_,111_aalon rate constant f._r the tth
• componPnr, 111tn -i .

. An typical dopnsitlon t_.st data show, th_ high volatl.h_ component (IIVC) Is i, rapidly reomitted so that after etght hours only the low volatile comp_nm_t

(LVC) Is still, e=tlvely being ree111!tted. By plotting In mq versu._ t!.111,,,t.n
thls domain, the rate constant k_2) and the mash differential mOO (2) _ m_2)

• can be obtalned from the Plops and tntercupt reopecttvety.

Using the data from the ln-tlllear plot of mmqversus t, it Is r.,sstbte to
evaluate the HVC rate constant

(2)
!11 (2))k<'> = - k;2)! i' ,mqo " a ( 6 ) 1

e ,(2) m(2))
1110(0) - mO(,v) - ( mOO - a I

TRANSPORT THEORY I

The testing is primarily aimed at measuring the capture eoefftefent8 for '1
VCH mmolecules emitting from the source at the tJottrce temperature, Ts, and

Impinging on the QCH receptor at TQ. The basic q/TG transfer equation ,i
assuming first order kinetics and the two components is 'i

[ " "/ (i) (i)_(i)'.1 s )1 J
=_, ItS^ a ks | .kti)t

111Q = t 2 ram(i) + FSOWst'k'Ntt)°k(i)a l(e - e'k(t)te (5, -"'!

where FSO = diffuse angle factor from the source to the QCM crystal_, ]
WS" = total source weight, g, ,_ i
_'SQ = condensation coefflctent o£ the tth component arriving -_

at the QCH from the source,

k_i) = first order source rate constant for the tth ._
comp(_nent, retain-1 and

I- a_t) = weight fr4ction of the i th component in the source.

The QCN mass rate equation is obtained by differentiating to give

_ . o s (i)e-k(i) t
[

'e k: i)e'ks(
L e " S

AtlOWlng Sufftc etlt time (>eight hours) t "deplete the source of the high
volatile component (HVC), eq. 4, which Is now an expression involving only the
low volatile component (LVC), can be rearranged to determine the corresponding

'i," capture coefficient as follows: _ i

J2)

_(2) = ,(k &._ 2 " (7)|1 I l ,,1 , [ I J I _'11

¢S0 F.sqa(2)N,-.k(2)O' S (k_2)e" k(2)t k(2)s e'ks( )t)

,.7

314
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. --- at any value of t >eight hours.

_ All the parameters on the right hand side of eq. 7 are IcnoTcnfrom the

..... source kinetics test and the reemlsston test. For good results, considering
the typlcat difficulties with data reduction in analyzing "tall" data, several

:o valu_s of eSQ at different times In the "tail" domain are calculated and the
,' results averaged, Fl.nally, the capture coefficient for the tlVC can now be
• calculated using eq. 6 at any time during the initial hours of the transport

test. The simplest result is the Inlt£al deposltlon rate too(O), which gives
..... the fnllowing expression for the desired coefficient,

"' mg(O) - F U (2)at2)k(2)¢(1) SO @ eSQ O -S '

= (l)k(l) (8)
; so s0Wsao s

TEST MATRIX AND F_CILITY

The source isothermal outgasslng kinetics were determined by monitoring

the deposition onto a QCH st -173oc at three source isothermal temperatures
125oc, 90oc and 50oc for a duration of 24 hours. Knowing the conf[gura-

lion of the source/QC_ systems and assum__ng that all the VCM flux striking the
crystal will condense and remain on the surface, allows the source outgasstng
parameters to be obtained. The CVCH reemission tests consist of elevating the
source to temperature for about one hour then quenching the outgassing by

using LR2 to quickly lower the source temperature. Three symetrically
configured QCH's, one at -100or, another at -40oc and the last at +10oc,
men#tot the reemisston mass loss for 24 hours. Source temperature of 125oc,

90oC and 50oc are used. Similar tests were performed using the laser
radiation to heat the source. The reemission tests were repeated using vacuum
ultraviolet to irradiate the CVCM. The transport parameters were determined
during the source outgasslng tests by having another QO/ (at -173oc) at a
different angle to the source normal to determine the spatial distribution of
the outgasslng material. The capture coefficients were _etermined by
monitoring the three symmetrically configured QCH's (-lo0OC), -40oc and
+10oc) while the source temperature remained constant during a 24 hour
period.

The facility allows simultaneous measurements of the VCM outgasslng
kinetics at discrete receptor temperatures and verification of the assumed VCH
Lambertian emission. This was accomplished by positioning three coplanar

sensing QCH units clustered symmetrically about the source normal 3.18 cm from
Q(_ centers to the normal, each with a separate independent temperature
control cap_bility. A fourth, redundant Q_4 was also lua_ruaented but was
located off-set at a further distance 6.35 cm from the source normal in the

same plane as the basic triad. A detailed description of the facility is in
Reference l. The closely spaced cluster also allowed simultaneous and uniform
irradiation of the three QCMa with a microwave exct ted low pressure krypton
resonance lamp operating at 1236 A.

...... ZSO EmIALQCMTEST SULT<

t Z-306/9922 RESULTS

it'i The Chemglaze Z-306t9922 black paint was [h_ first source materlal tested,

The data for the QCH at x�4-à�„�Iho_#_the reemission rate was _reater than the
incoming flux after the first 10 min. since the QCN frequency slowly decreases

315
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/ from its polk value. Tests lsdiclte that the ultraviolet rldlltion increases

the reemisston rate for the QcH at -40oc, since the frequency decreases
_ after the first hour of deposition, The CVLM tees/solon from the QNCI at
- -lOOSe and -40oc show a very hlgh reemlselon for only a frs:tlon (about

15Z) of the deposited VCH within the _lrst 80 minutes of reemtIsion. The QCH
' at +10oc emits all of the CVCN at a lower rate in about 830 min. Again, the

tests indicate that ultraviolet radiation increases the remIission of CV_

_.. from Z-306/9922.

_1-" The parameters in the followln8 tables were developed using the equations:_' from the theory section. The second component available mass, a_2)..
2.O0_, was taken fro,, the DTG data since the lsotherma._ test only last 2A

_,;. hours and does not completely deplete the medium volatile component. The
parenthesis An Table 3 indicate questionable data. Using the data from Table
2 to plot the Ink versus T;1, the generalized source parameters for .,
Z-306/9922 are determined; namely,

A1 - 6.29 x 104 rain -1 A2 - 6,04 rain "1
B1 = 10700 cal.mole -1 BT2 - 7070 eal.mole -1
a_l) - _.10X a_2) - 2.00X i

The data shown in Table 3 is not easily understood. One would expect k e ,
to increase at TQ increases. However, in all three cases, the rate constant ,_
Is smaller for the QCHat lOOC than either of the other two colder (_q48. In
all of the tests, the CVCMreemttted linearly and did not show exponential
decrease. This indicates a zero order rate. However, the data is complicated
by the fact that reemtsslon is occurring during the time the source ls still
at Ts. Thus, the resulting frequency combines the exponential source
emission with the reemtssion kinetics. No scheme Is available nov to unfold

the data. Another explanation of Table 3 i8 that the rate constant for T(} =
-lO0OC and -40oC is for the first CV@/ components and the rate constant

for TQ - +10oc is the second CVCHcomponent. The low values 0f a e are Jnot accurate since it is difficult to determine the amount of the first active
component lost during the relatively long disposition period (one hour). The !
relatively permanent absorbed VCM for the QCHs at -lO0OC and -40oC could : !
be the very low reemtesion of the second component at that low temperature. ._

AseualnS first order kinetics we have for emission, _ ::_

Act = 2.39x10-2 rain-1 k_2) (TQ-+IOOC) - 1.99x10-3 rain-1 _ -_

Eel - 611 cal'mole "1 k_;2) (TQ.-40oc) - 0 t(TQ--lO0OC) - 0. :,

The deposition for reemlsslon with vacuum ultraviolet and Ts - 9&oc was _
too small to determine any parameters.

+

The capture coefftcient_ are shown in Table 4. The wide variation in
values sesm_ to indicate d+Lfflculty in matching the rates from the source and
reeuission tests to another set of deposition tests.

r- ;. Table 5 shows the higher temperature laser tests. Complete details on the

I_+ tests and the can he found in the
resu'_ts classified Reference 2. The first

(." column shows the maximum temperature the source reached. The laser van
1+ incident on th sr_uree for only a short period. The second and third eoluiihs

show the utxlsm.A Increase In the frequency of the two TQCNB, T(g_ el was
i I_" temperature ranged from its starting temperature 10 +100oc and the "

316 !
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remission parameters are determined from the data. Tables 6 end 7 summarizes
the results of this analysis. The first five tests were all performed with
the TQCMstartin8 at about -160oC, thus it can be expected that the high
volatile component is strongly represented in the data. The last test (T s -

+ 288oc) had the TQGq at +2.9oc and should represent only the second
component. Thus, it is assumed that • 8eneralJsed expression for the CVOI
reemtsston permteters of Z-306/9922 is as follows:

Ael - 1.96x109 rain-1 As2 - 4.80x103 rain-1 <

_ :_i) ." 963090Zcal.mole-1 B.!,a_2) ." 7830t.$:rcal"m°le'l _,
,i

Table 7 shows the derived perameters for the Isothermal reemisslon. The i
first test (Ts = 202oc) only shows a race constant for the CVOl which was
exposed to vacuum ultraviolet. The reeudsslon was exponential in character
and thus has a two component rate constant. These results differ from the :_
linear reemission seen in the Moleklt tests. The test of Ts . 228oc shows

a very mall amount of CV_4 reeulsslon during the 26 hour isothermal test at _++j
2.9oc. Table 8 shows the capture coefficients calculated by using the .... !
parameters derived from TQCHDITG reeuisson after the reemtsslon laser tests, i

!

SOURCE OUTGASSING SPATIAL DISTRIBUTION "_'
.+ + ,._

Taking the ratio of the deposition on the neat- qOf (A) to that of the far '+ +'_
QCM(B) during the four source tests (includln8 the laser test) provides a i
check on the diffuse character of VOl emission. At least eight different
times were used to determine an average value for each test. The results are "i

i
listed; as follows, I

Ts _2L .`'_
(oc) _- ._

125 3.1 ..... :j
93 3.2
50 2,0 _+

123L 1.8

If the spetial distribution of the VCN were cosine then the ratio should " '!

be 2.0. The spetlal distribution of the VCM for the tamer tests wlth both _
at -160oC varied from 1.7 to 2.2 (except for the first test, 4.0) eith an
average value of 2.0. The expected ratio for a cosine emlssio_ _ I.I for
confisuratlon. Thus, the hlgh temperature lasar source emission Is sore
forward directed._ "

M-773 RESULTS

The H-773 adhesive shoved far le88 source outgassin 8 than the Z-306/9922
black paint. The laser teat results showed faborable agceemenc wlth its
thermal ©ounterport except that the far qol in the laser test had more mess
deposit. _aLn, 8 higher reemiseton for the +10oC qo4 than the incoming
source flux was seen. At TI - 90oc no resultant deposition t_as seen f6r
the Q(:_qat +IOOC. At; To - $0oc the deposition 18 too low for any
par_ters to be determined.



None of the reemtsston d.ta was usable since the deposttion was too small,
:" leas than 20 Ilz (about llA).
i:._

Table 9 shows the source parameters for t4-773 determlned from the
tsothermnl tests. Using this data to plit the _n k versus T;1, the

":. generalized source parameters for N-773 are determined; namely,

A1 = 39.5 rain -1 A2 = 2.44 rain"1
= 4270 cal mole -1 = 5095 cat mole "1

, :_1) - 6.3, _2) - 1.9,
I
' The value for a_2) was derived from the value for the amount of active
_," ............ material for }4-773 sho_l in Table 1, namely, a(t)= 8.2X. It was a3sumed

that the DTG did not separate the high volatile component into the twocomponents seen In the isothermal (_4 tests. _
• _l _-_

" Taking the ratio of the two QCNs frequency gave the followln$ results;
(Ts = 126oc) 1.9 and (Ts = 90oc) 2.1. Thus, the measure distribution :i
agrees with a cosine prediction of 2.0.

HL! RESULTS

The HLI samples did not outsas significnntly, This was in part the result
of its sealed edge and low outgasstns outer layer (aluminized Kapton), hut

.. also beca_me of the large temperature gradient existed ,_cross the sample
thickness. When heated from the back, as In all the themally induced cases, ;

the front surface temperature was much lower than the rear thermocouple ' iindicated. Another source of temperature uncertainty resulted from the
aluminized Teflon tape used to seal _._. edge of the sample, which provided a

" cel@t£vely large thermal¢onductance between the back and the front. This

._ conductance generated a spatial temperature nonunlformity on the front surface
hut also reduced so_e of the transverse temperature gradient, On the other _.
hand, in the laser beam, the temperature gradient was in the reversed

_- direet|0n. But for thls type of testing, the thermocouple was inside the
_ sample and close to the outer layer. Therefore, the front surface temperature

was higher than the thermocouple reading, The effect of this temperature ,_
disparity between the two klnd of source emission tests ts amply i[lustrated

by their test result, where the laser induced is seen to deposit three ttnues
as much. It should be noted that with this source material and the "_

-, polyurethane foam to be discussed later, It is very difficult to produce in a _
•_- cryogenic environment a front surface temperature of 125o by applying heat

tO the back of the samples. _

l; Table 10 shows the source parameters derived from the data, The scatter
in the data does not allow any generalized source parameters to be derived, :
l,tkewise, the very low reemlssion data precludes deriving reemlsston

_. parameters and ,:apture coefficients, The spatial distribution of the VCH _

=!_._ varies from the cosine of 2.0, as follows,

• (oc) ,. i
b

12_ 2.8

50 _,$

I 127L _. 8- _I_
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_+ 'IPEPIAgPESULTS

The silvered Teflon was expoctedly the weakest outsassin8 materiel tested
in this program, tn fact, the source outgasslng wee so low that only tests It

" higher temperatures yielded usable data. It t8 difficult to assess the
,_ emission flux spatial distribution because of the extremely small deposlts

(hence large uncertainty involved). The laser testin8 resulted in mass
',, deposit which was 2002 higher than the corresponding thermal testln 8.

Table Ii shove the source parameters derived from the data. There are too
,_ few points to derive generalized parameters. The ratio of the change in

frequency of the near QOI to that of the far approximates the expected coslne
value of 2.0; namely,

'. ,!

Ts _(oc)

127 1.4
90 t.7 +

125L 1.9

+
SANDWICH FOAM RESULTS

Aside from the temperature gradlent problem as encountered in HLI samples,
the interpretation of the polyurethane foam test results are complicated by at
least two more factors. First, the samples were a crumpled, pillow-like

shape. As a result, the view factors from the source to the QCMs will differ _1
by some unkno_m amounts from the assumed flat surface. Secondly, unlike the ,_

other source samples, the edges of the sandwiched foam samples were quite ithick (as much as 6mm) and were left unsealed. Thus, additional, view factors +
existed. In fact, it ts believed that the some_hat strong source outsassin8
observed was attributable to the exposed foam. This belief was enhanced by ,_

the laser tests. The rapid increase in the QCN beat frequencies shortly after J:
the exposure of the 8ample Co incideat laser beam was not anticipated and it

became necessary to change the bias constants to bring the curve8 back on ......!
scale. What happened was, a8 found out later at the end of the test, that
approximately 90Z of the sample foam content had vaporized, as a result of +' _i
excessive heating. The sample temperature went up from g3oc at time 37

minutes to 280op, In Just 3 minutes. The aluminised Kapton film front ._
surface was not damaged. Tt remained attached to the residual foam content at
the bottom edge but its upper portion tilted away from the sample disc,

forming a V shaped opening. This geometry readily explained why the "far" 001
response was greater than the "near" 001 for then the far unit was exposed
more the decomposed foam flux emanating from the edge than the near unit. !

The reemission tests showed that the OCMq at -lO0OC sad -40oc instead

of losing mass shoved a slight gain. The +lOOC i_! had a rate constant of
9.42 x 10-4 mtn -1 over the full 73 hr of reemission. The reemisston

during the deposition period was greater than the incoming source flux. All
of the CVCM was reemitted. The effect of khe vacuum ultraviolet radiation on

the CV01 wa_ to Increase the reemleston such that within the first 30 _lnutes
of reemlssion _ll of the CVCM was removed.

Table t2 shows the source parameters for the _andwlch foam. The _,

generalized expression for the first component is as follows, i

ii t19 •

_-. - = = _ = = ._. ; := &m . - ;; + : : -.,

00000004-TSD05



_"" A] ,, 2.69x104 mtn-1
i_:.." B - 10300 ca_'mole -1
_-... _ a l) - 0.47Z
i. The data for the second component does not indicate ,ny usable trend,
!.

;_ . The spatial distribution for the foam VCH was ss follows:
";4

:-. Ts(oc)

i /_, 226 2.1
91 2.2

: 53 1.3
:_" 126L 0.1

: "f 'i
CONCLUSIONSAND REC(]4NZNDATIONS _,

., n i |

_

z: This test program has provided a wealth of test dita that can be used to
assess and predict space contamination, Although choosin8 to use qualified
space materials and configurations made the testing and acquiring of the (

contamination parameters difficult, the data can be applied directly to many
space systems. The dynamic thermogravimetric test provided the source
emission parameters for five typical space materials. The accompanying .
residual &as analysis data clearly shove that the major portion of outgassing
consists of light gases that viii not deposit on surfaces except at cryogenic
temperatures.

"_ All five selected materials for the complete test matrix are low
outgassing materials. Except for the Z-306/9922 material, the other sources i
were at the sensitivity of the test facility, resulting in fewer generalised
source parameters. Future tests should include larger areas of source
materials and shorter distances between the source and _N for low outgasstng
materials. The complex configuration of the NLI and sandwich foam sources

,. made It difficult to afflra the diffuse natural of VCN. Characterising the
source temperature of these insulators was also difficult, It is expected
that there were large temperature gradients both across the sample thickness
and in the plane of its front surface. AJ a result of _.he transverse
gradient, the source front surface temperatures differed significantly when

. heated frot behind as in the thermally induced cases and when heated fros the
front (laser tests). In the future sore consideration should be given to

. developing a source heater to overcose these difficulties. While a heated
cavity would remove the 8radientsp it introduces an artiflotal source geometry
(dicing the material).

For • simple source configuration (single layer), the data does indicate
,_............. (not conclusive) that VCN emission Is diffuse. Energetic laser irradiation

indicates the need for a higher power than the first for the cosine relation.
" The VCN spatial distribution i8 more forward directed tb_n pure thermal
"-* saLsa/on,

_... Isothermal theruosravinetry at tesparatures below 125oc does not within
_.':., a reasonable tlme period allow an accurate measurement of the active mass for
_::. any but the first component. The dynamic theruoSraVimetz7 is necessary to
!-_," obtain the percent of active _sss for each component.

i

: ! 3SO

• *.J .. , o - _. _;-_l_"._-_-*ii_--_:'_'_ ...... . .... -_ *-' ...........
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i::'!j
_r_r:" _C UI ultraviolet radiation seeas to increase the CVC14reeIiSSlOn for
_I.; these four aeterlals. This result is in contradiction to current bellef that

_. vacuum uv Iay cause lJhotopol_,Iertsatlon of the CVCM, resultin8 in pariansnt" :. deposition.

'... AppIlcatlon of uodelin8 equations to the test data ts anything but I
_:C_ routine. The unexpected linear remission observed in the Z-306/9922 i
_'_; Isotherial tests In contrast to the exponential reeaisslon of dynamic TG uslns ..
_'.-.t'i_' qOIs does underline the need for scientific JudseIent in lnterpretatin8 the
_._.__L.'. data. The calculatlons are lon8 and complex and should be progradaed to a 1I
_-llJ. calculator in order to allow varlatons In the data processln8, i

Ener8etlc laser irradiation by elevatln8 the teuperature of the source
Iater£al beyond its usual curln8 and operatln8 ranse produces lerse amounts of _
VOI. Dynaulc TG can provide the source mission paraaeters to allow i
assessment and prediction of deposlt/on levels. ._
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ORIGINAL PAGE m
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TABLE 1. DYNAMIC THERMOGRAVIMETRIC DERIVED SOURCE EMISSION PARAMETERS
I I

MATERI_L Sol aoi Bt AI

•" (_) (8. cm-2) (cat.mote-I) (s-l)
i

;" Chemslaze Z-306
Plus 9922 Adhesive

•_ Volatile Compnnen¢ 7
:" i-1 2.1 4.$8x10-4 13000 4.7x104 : i
:: i=2 2.0 3.8_x10-3 25200 1.4x108 ,
_ 1-3 27.0 4.99x10-3 82900 1.8x1026 I

t-4 6.2 1.21x10-3 41300 4.7x109 t
1'1-773 Adhesive _ ,

1=1 8.2 9.94xl0-5 16800 1 .lx107 i
i-2 76.1 9.19x10-4 57000 3.3x1016

MLI
i=l 0 • 17 5.33x10-5 10200 4.7x103
1-2 79.5 3.17x10-2 73500 1.9x1020 !

FEP/AG/3M-Y966 J
i-1 0.028 - 8000 6.4
i.,2 26.1 - 71400 l. 2x1017 "_

t=3 70.2 - 92100 3.3x1020 i
SandwLch Foam .j

t-1 0.22 6,77x10-5 16200 7.6x106
1-2 19,6 6.03x10-5 28400 3.6xt09 !
i=3 54.4 1.66x10-2 38900 9.5x109 ]

AlumlnL zed Tape !
• Plus Adhes£ve

i=l 32.9 5.50x10-3 89600 5,1x1029
1=2 24.1 4.03x10-3 67100 3.0xlO 19 1i

i-3 39.3 6.40x10-3 85700 4.7x1022
i ml I

.i
:1

TABLE 2. SOURCE PARAMETERS FOR CHEMGLAZEZ-306/9922

Ts k( 1) a( ! ) k.T_
(Oc) (_n-I) (_) (re,n-l)

125 9.76x10 -7 6.87 2.31x10 -4 '

_.:. c)_ I. 8tx_O"2 2.06 _. 6ox 1o"_
9.8_xi0 -5 ;

I .50 3.88xI0 -3 O, ;_S

125L 5.42x 10-2 7,60 _. 29x 10"_' _ :
: 4

: :,::2 1

!• _

i_ i ............ • . ................................. '
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" TABLE 3. REEMISSION PARAMETERS FOR CHEMGLAZE Z-306/9922

.- ; k a'

,: Ts T_ e e_ _" (°C) ( ) (mln "1 ) (Z)

i _ 125 -100 4.04x10 "3 16,9 .:.!
i_ ,• ;..- -_0 6.39x 10"3 t2.6
_:J f

' +10 l.OgxlO -3 100

90 -100 ( 1.14xlO -2) 22._

" : -40 (2.58x10 -2) 13.3

',_ +tO 2.25x10 -3 100

125 -tOO/IN 2.56x10 44.7

-40/UV 3.23x10 -2 L3.2
?

+ IO/UV 1.62x 10-3 100

.

I

I

:

TABLE 4. CAPTURE COEFFICIENTS FOR CVCM FROM CHEMGLAZE Z-30b/9922

!" I TQ(C) :J._, -40 +10 "i" , .....................

t .................................................. i 1

.:. I i i !. I

-' ' i 90 1 0.05 o.to 0.04 0.07 O. o,:32Lt i _ t

=!'
I

I -

i.

1
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TABLE 5. LASER TESTS ON CI_HGLAZ£ Z-306/9922

Tos A f f! A f f2 _TQI n-To2 UV _1 I.o_hermal Dynamic i
(C) (Hz) (Hg) ('C) (-C) (Hr) /TG /TC !

363 116568 29119 -158 -158 No No Yes i

255 11885 6258 -164 -164 No No Yea t

160 2534 1454 -165 -165 No No Yes 1
t

187 6408 2878 -160 -176 No No Yes :!
249 11216 5306 -160 -163 48 Yes Yes

202 1228 526 -40 -38 48 Yea Yes i i
228 0 1579 +10 +2.9 No Yes Yes ' _

133 178 94 +10 +2.9 48 Yes No '

TABLE 6. CVCM RKEHZSSXOIqPARAMETERSFOR CHEHGLAZKZ-306/9922 LASER TKSTS

: Ael -1 Bel "el Ae2 o Be2 , re'e2 UV
(°C) (min ) (¢al mole ) (X) (min -x) (cal mole") (Z) __

z

363 9.72xlO 10 10100 19.3 1.91xlO 7 6930 17.3 No

255 4.84xlO 13 8960 85.6 No

160 1.96x109 9630 99.7 No
q

187 5.02x1011 10700 100 No

"_ 249 1.21x1021 18300 34.2 3.91x109 19500 43.7 Yes

228 4.80xlO 3 7830 It-. 9 No
J

TABLE.7. CVCN ISOTH_P,HAL P,gKNISSION PAP,A_TKRS FOP, CHEMGLAZ£Z-306/9922 LASER TRSTS : ri

"',2a'el -_
Ts Tq (mi: "1 ) (l) (min "1 ) (I) _(°c) (°C)

•,r ....

202 -38 0 0 - -

202 -40/UV I • 32x I0 "3 55 3.95x I0 -4 ._5 .:

228 2.9 4.63x10 "2 2.0 4.78x10 "A O. 5 - _i

133 2.9 2.82xi0 -3 36 3.86xi0 "3 64 !. "

133 10,0/UV 2.86x10 "3 48 2.84x10 "A 27 _

324 "_
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TABLE 8 CAPTURE COEFFICIEIfI'S FOR CVCM FROM CHEMGLAZE 2-306/9922 USING DYNAMICy,

TG I_EMIS$ION PAP_HETERS

: _"""'. "............Tll (Oc) TI......................-[00 [ ........................................-40 +10

---_ ,l,s(oC_ ! a(l) o(2) | .,(I) <j(2) o(1) u(_)
! ,i.:r

i,., I 125 0.50 . 0.25 0.40 0.1b --. ---

i;i!!illiil;!!'iIii i?:!!!,:;7!!!L)::?!iii<' -- 3x10; "5 0.07 lxl0 -3....:, I 90 0.05 3xlO -5 0.04 i

7

" TABLE 9. SOURCE PARAMETERS FOR M-773 ADHESIVE

k (1) a_I) k (2)
':' Ti " %-I
-" (°C) (ali: "I) (%) (min )

". 126 O. 181 6.32 3.94x IO-3
,':e.

-'- 90 0 • 106 3.49 2.08x 10"3

125L 4.69x 10 -2 6.79 4 • 19x 10 "3

TABLE lO. SOURCB PARAHEIIIRS FOR MLI

" SOUgCEltE_ (i) (_ k(i) .......

:" TE_IcR_TUR E ks ao s.!.. (min "l ) (I) (min )

-..

-2 _, 68_1tO-4125 5.92x10 0.22?

"+ 90 9. _36x10"2 O,183 7.2 ixI0"_
-2 6.26_[0 "4" 51 3.06x10 0.048

-3 t ,_10 "3-'";' 127L 7,,25g _0 l •OY
r--.

J.

1i

i
.......j

.... . _'_ .... ,,:,"77,'i:,,,-_,;_,--. ,;_, .-- ._'-_................ _.:......,_,_-.., - .... .,. . ,.. ': ".:", ";,"",; .... ,
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TARLg If. 800RCE PARAMETERSFOR FEP/AG

=c'--:.• ; ..................................................... " ,=_ : '

_i_''_ " .i Ts kllla.l '_(t). k(.:) {{ ..!:,. : (°C) (min ) IX) (min "l) if q_}'" I

• ,1.27 5,00xlO"2 I,31 2.'J[xlU-3

_!' 90 9.74xI0-3 0.20 4,30xlO"'_
3

12_1, 2.98x 10-2 0.92 t.//x 10-3 ":
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IUS MATERIALSOUTGA_SINGCONDENSATION !
i,'.

.... . EFFECTSON SENSITIVESPACECRAFTSURFACES*

i _ C.R. MullenoC. G. Shaw, and E. R. Crutcher I
'' BoeingAerospaceCompany ....:

,i

ABSTRACT ....

"." Four materialsJsed on the InertialUpper Stage (IUS) were subje:te_to ,
,. vacuum conditionsand heated to near-operationaltemperatures(93 to 316 C),
:. releasingvolatilematerials. A fractionof the volatilematerialswere col- "_
_. letted on 75_Csolar ceils, optical solar reflectors (OSR's)or aluminized : _
• i

Hylar. The contaminatedsurfaceswere exposedto 26 equivalentsun hours of -
.: simulated solar ultraviolet(UV) radiation. Measurementsof contamination I
_- depositmass, structure,reflectanceand effects on solar cell power output
. were made before and after UV irradiation. StandardTotal Mass Loss - Vola-

Llle CondensibleMaterials (TML - VCM) tests were also performed. :
o

=_" A 2500 A thickcontaminantlayerproducedby EPDM rubOermotor'caseinsu- !
i"_ lationoutgassing increasedthe solar absorptanceoofthe OSR's from,O.O7to

0.14, and to 0.18 after UV exposure. An 83,000 A layer caused an increase i
from 0.07 to 0.21, and then to 0.46 after UV exposure. The Kevlar-epoxy
motor-casematerialoutgassingcondensationraised the absorptancefrom 0.07
to 0.13, but UV had no effect. Outgassingfrom multi-layerinsulationand
carbon-carbonnozzle materials did not affect the solar absorptanceof the 1
OSR's. Photomlcroscopicexamination revealed complex patterns of liquid 4

=. dropletsand crystallineforms which varied with the type and temperatureof
the outgassingmaterials, i

Solar cell power output losses varied from less than i% to _3% with
contaminationand UV exposure.

INTRODUCTION

The InertialUpper Stage (IUS)is the primeAir Force earth orbit transfer
F.. and interplanetaryspacecraftbooster and is an integralpart oi"the space

': transportationsystem which includes the space shuttle orbiter. During 1,_. launch and ascent Into low earth orbit by the space shuttle orTitan 134D and
• during Ills transfer orbits, the materials of the IOS ere subjected to the " _

.... v,scuu,nconditionsof spaceand are heated in soae cases to high to_eratures. .
Both conditions will cause IUS materials to ootoas, creating a potential

,_... contaminationenvironmentfor the spacecraft.
• .!

" This paper desc,tbes limited laboratory tests conducted on four Ig$
' ,nater!alsto measure o_tgasslng rates and effects of outgassed, condensed

=_' :_laterillon three differentspacecraftsurfaces. The ILISmaterialste_ted

*This work was accomplishedunder Air Force contraG&F04701-/8-C-0053,
L
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were: the Ethylene Propylene Oiene Monomer (EPOM) rubber insulation inside
the motor cases of the IUS; the multi-layerinsu|ation (MLI) used on the
outside of the motor cases; the carbon-carbonmaterial of the nozzle exit ,_
cones; and Kevlar epoxy,which ts the ,nainmaterialused in the motor cases.

' The spacecraft surfaces used were solar cells, ootical solar reflectors '

(OSR's)and alumlnizedMylar. .j

' Th& IUS ma_eria1_weTeheatedto tempe,'_turesin the range of _3°C (200°F) 'I
to 316vC (600_F) for tlmes of I to 24.6°urs in a vacuum (I0"b torr) and _,

'_ depositedon the spacecraftsurfacesat 25 C. The contaminatedsurfaceswere ,
i. measured for reflectance,photomlcroscoplcallyexamined,exposed to ultra- I

violet (UV) radiation,measured again for reflectance,and photomlcroscop-
ically examinedafter UV exposure. Solar cell outputswere measuredbefore
and after contaminationand followingUV exposure. Infraredcharacteristic _
identificationswere con_luctedon the m]terlal deposits. A quartz crystal
mlcrobalance(QCM) at 25_C was used in the vacuumchamberto recordthe rate
of materialbeing outgassedand collectedfrom the four IUSmaterials. All of
the measurementsexcept the outgassingrates were made in room air.

StandardVCM outgassingtests at 125°C with co]lectorsat 25°C were con-
ducted forcomparisonto the shorterhightemperatureVCM's. Completethermo-
gravimetric analysis (TGA), differentialthermogravimetricanalysis (DTGA)
and differentialthermal analysis (DTA) were conducted on all four IU$
materials.

In this paper,we w!l] concentrateprimarilyon the contaminationeffects
measurements. Additlonal data can be obtained from Boeing document D2go-

I. 10590-1,dated 15 March 1980.

TEST DESCRIPTION

FACILITIES

A standardMicro-VolatlIe-{ondensible-Materials(VCM)_ystemwas usedfor
producingcontaminationfrom the four materials. Reflectancemeasurements
were made witha Beckman DK-ZA ratio recordingspectrophotometer,using an
Integratingsphereto catch both diffuseand specularreflectin,. To simulate
the effectsof ultravioletradiation,a 2500watt high-pressurexenon lampwas
used as a source in a special irradiationfacility. Three contaminated
samples at a_tlme were mounted near the source on arms cooled to keep the
samplesat 15% during irradiation. Flowingdry nitrogunwas passed through
open cylindersaround each sample,to maintain an iner_ environment. At the
s=nple positions,the source providedabout 2._ equivalentultravioletsolar
constants,for wave|engthsdown to about 1850 A.

Other equipment used I_ the testing Included a Spectrolab X-E5 solarsimulatorfor testlngsolar cell output, a Mettler recordingvacuum thermo-
analyzer,a Faradayquartz-crystalmicrobalance,and mtceoscopeoptlcsand

= t_!:_ photographicequipmentfor sample examination,and an infraredspectrometer.

1 "
32g
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OUTGASSIN6IUS ,_IATERIALS

Descriptionsof the four IUS materialsand their preparationfor testing
are containedin the followingparagraphs.

Carbon-Carbon-The carbon-carbon exit cone material Is manufactured by
Kalser-Aerotech,using phenolic graphite prepregnatedcloth laid up in an
involuteexit cone configuration. The material undergoesa debulking,cur-
Ing,post-cure,carbonization,gra_hitizatlonand denslflcationprocesswhich
exposesthe materialto over 2500vC for long periodsof time.

_' Multl-La_er Insulatlon-The_I used in the test covers both the forward ,,
equipment support section and the sides of the motor cases of both Soltd .t
RocketMotor(SRM) I and 2. TheMLI consistsof ten la_ers;the outer layer is
aluminlzedKapton wlth Kapton side out. The inner eight layersare crlnkled
aluminizedMylar which are perforated. The innermostlayer of the blanket is
aluminizedKapton,also perforated. Velcrotape is usedto fastenthe blanket
to the IUS Interstageand forwardrl%_.

KevlarEpoxy-The solid rocketmotorsof the IUS are made by filamentwinding, i
•using a hlgh modulus aramld fiber (Kevlar) and heat setting epoxy resin !
system. The motors are then cured at various temperaturesand periods,of r
time. Specificationsfor the motor cases and their curing cyclescanbe found
in SpecificationNo. SEO852Aof the ChemicalSystemsDivisionof UnitedTech-
nologles.

EPDM-Ethylene Propylene Diene Monomer (EPDN) is the designationfor the i
ru--_-_erinsulatlonused to Insulatethe Kevlar epox_ motor case from the ilot i
exhaustgasses of the combustionchamber. The rubber insulationcontainsa
large number of ingredients,of which the major ones are EPDM (Nordel1040),
NeopreneFB, I/4" carbon fibers and Phenolic (BKR 2620). This material also _
goes througha curing processas specifiedin SpecificationNo. SE0875. ,

: ._
Approximately200 milligramsof materialwere preparedfor each pot in the,

VCM facility. The carbon-carbonmaterlalwas crushed intoa powder form. The , ;
multi-layerblanketwas cut into very small pieces. A percentageof each type T
of materialfrom the multl-layerblanketwas a part of the sample Includinga
piece of the Velcro fastener. The Kevlar case and EPDM rubber were shaved
with a knife to obtain the desiredsamples. ,

SPACECRAFTSURFACEMATERIALS(COLLECTORS)

The collectorswhich were used as substratesf_r contaminant_epositsare
describedIn the followingparagraphs.

" OptlcalSolar Reflectors-Theopticalsolar reflector(OSR) or second _urface
_. thermal Control mirror fS built by Optical Coatings Laboratory, Inc. It "

_/ consists of 0.2 mm thick fused slllca wlth a vapor deposit of silver on oneslde wlth an Inconelprotectiveovercoating. The uncoatedfused silica side
__.. of the 2.5 x 2.5 cm squareOSR Is exposedto contamination. '_

?
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• Aluminized M_lar-The aluminized Mylar consists of 0.5 mtl Mylar wtth vacuum
: deposited aluminumon both sides. Thenominal solar absorptance of the alumt- 1

nlzedHylaris0.14 and infraredemlttanceIs 0.05. )

Solar Cells-The solar cells are rectangular wafers of dimensions 4 x 2 x (
0,1 cm, consistingof a ceramicbase,an 0.02cm-thicksillconphotovoltaic +
cellwithtantalumoxldeantl-reflectioncoatingand thenecessaryelectrical

, contacts,and a protectivefused-slllcacoverglasswith magnesiumfluoride =:
antl-reflectloncoatingand a .35microncutofffilter. The outermostsur- (
face,uponwhichcontaminantmaterialsaredepositedin thistest,thuscon- (

•"L, sistsof magneslumfluorlde.The outerelectricalcontactisa gridof silver )
linesreachingout I centimeterto eithersideof _ 4 centimetercentralbus )

_? of 0.1 centimeter width. There are 30 lines on etcher side of the bus, eachof
approximately0.01 centimeterwidth. Thus,_pproximately10% of the front )
surfaceis highlyreflective.Four leadsare attachedto thecellcontacts i

; (twoapiece)to provideaccuratecurrentand voltagemeasurement.In addl- i
tion,a thermocoupleis availabletomonitorcelltemperatureduringtesting. !

The OSR's,solarcellsand aluminizedMylar are attachedto a 3.8 cm i
diameteraluminumdisk usingBMS 52g epoxy,which has very low outgasslng
characteristics.The aluminumdiskscouldbe easilymountedInthe mlcro-VCH
facility.All spacecraftmaterialsurfaceswerethoroughlycleanedby gently
wipingthe surfaceswithcottongauzedippedin highgradeacetoneuntilthe i
cottongauzecamecleanafterwiping.

TESTPROCEDURE

"" Potscontainingapproximately200milligramsof outgasslngmaterialwere_
weighedon a mlcrobalanceaccurateto +I0 mlc.-ograms,then Insertedintothe
copperheatingbar intheVCM apparatu_facingthe spacecraftsurfacestobe
contaminated.Coolingwaterwas circulatedthroughthe copperbar tQ which
the collectorsurfaceswereattached,the chamberwasevacuatedto lO"o torr,
and thenthe heaterturnedon. The heaterbar was held at a predetermined
tMperaturefor a fixedperiodof timeafterthe initialheat-up.Then the
heaterwas switchedoff; near room temperature,the systemwas back-(llled
with dry N2. The collectorsurfaces{allof whichwerepreviouslyweighed,
exceptforthebulkysolarcells)andpotswereremovedandweighedto deter-
mine totalmassloss {fromthe pots}_d totalcollected mass.

From this point, somecollector samples were measured for reflectance
changeand somewere Installed in the UVapparatus for g hours of exposure to
about 2.9 suns, giving about one solar day of ultravioletirradiation.
{Studiesby Martin-MariettaAerospacehave indicatedthatmost of the degra-
dationof ccntamlnatlonby UV radiationoccurswithinthe first20 sun hours
of exposure.)Followingirradiation,thesesamplesweremeasuredfor reflec-
tance. Selectedsampleswerethensubjectedto microscopicexamination.All
solar cells were then sent to the solar simulator for outputmeasurments.
Whena!1testshadbeenfinishedforonematerialat a givenexposuretimeand

t temperature, the spacecraft surfaces were cleaned by gently wiping with
acetone. At thls potfit, the )mple Surfaces were ready for the next dose of

'" contamlnatlon.
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TEST MEASUREMENTS

The object of the test program was to deposit outgassedmaterlals of
differentquantltlesfrom fuur IUS materlalson variousspacecraftmaterlals

,_ and measure the opttcal effects. The following paragraphs descrtbe the meas-
urements made.

Total Hass Loss and Volatile Condensible Materials

.. The Total MassLoss (TML) of matertal was measured by first measuring the
weight of IUS materlalwhich was put into a small pot prlor to insertionInto

.. thevacuumfacllity. (Thepot and materialhad been equilibratedfor 24 hours
in a 50% humidity desiccator.) After the specimen was exposed to vacuum and
temperatureconditionsfor a designated time, the pot is removed, equlll- Ji
brated and then re-weighed. The difference in weight before and after ):!

' exposure is the TML usually quoted as a percent of the initial total mass of )H
material.

• i

The percentage of volatile condensiblematerials (VCM) was Ineasuredby i:I
weighinga small disk after a 24-hourequilibration,_hen installingthe disk ii
In the vacuum,maintaininga disk temperatureof 25_C, exposing the disk to i]
materialsbeing outgassedfrom the IUS materials,removingthe disk, equili- i!
bratingfor 24 hours and re-weighlngthe disk. The change in weight divided :

by the totalweightof the saeKolebefore vacuumexposureis the percentVCH of i_the material.

SurfaceReflectance i!

With the reflectanceof a sampledenotedby R(_), the solar absorptanceof )j
a sample is calculatedby

2.5_ 2.5p

% = l-(J R(X) Is(X)dX)/(_Is(X)dX)
.25_ .25_

where Is(_) |s the solar spectral Irradiance. The range of integration
covers approximately96% of the solar spectrum. The actual integrationwas
performedby digitizingall reflectancecurves in intervalsof 21, 91 and 35
points for the wavelength ranges from .25 to .35, .35 to .8 and .8 to 2.5
micronsrespectively. LinearInterpolatlonwas used to input the solar spec-
trum function in the same Intervals. The randomerror in solar absorptivity
was approximately+_0.01.

!"
Solar Cell Output

Voltage-currentcharacteristicsof the solar cells used in thls study
_.+. were obtained under lllumlnatlonof the cells by a Spectrolab X25 solar
_., simulator. The xenon lamp source is constructedto give a spectral output
. very similar to one zero-alr-masssun. Lamp Intensityis calibratedby a

standardcell and flne-tunedbefore each solar-cellmeasurement.

33i
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Cells being t_stedwere always_nountedin the same place,with temperature
I - maintainedat 28uC, as verified by the thermocoupleattached to each ce11.

One set of leads was connectedto a digital voltmeterand the other to an

: electronic load in series with a dlgitalm1111ammeter. Voltage output w_ ,
recordedon the Y-axis and cell currenton the X-axls of an X-Y recorder,as
the load was.variedf_om 0 toeD. Digitalvalues of the open-circuitvoltage I
and the short-circultc_'ren_were ._ote_for each sample.

!_ PhotomicroscopicExamination i

Examination of the contaminated samples was carried out with various '_ i
:-_: microscopicand photographicequipment,with backgroundilluminationselected i

i! to enhancethe most importantfeaturesof the contaminant.Most of the mater-
lals tested formedtransparentfilms on brass and copper disks. However,on ,:
the spacecraftsurfaces,the outgassedmaterialsformed strongly-scattering !
layersof liquiddropletsand solid crystals,requlriAgdetailedmicroscopic ._

examinationin order to understandthe effectson surfaceabsorptance, i

rEST RESULTS ,:I

TML ANO VCM

T_ese measurementswere made both under standardconditions(125°Csource _
temperaturefor 24 hours) and for highertemperatures,more characteristicof i

_ the operationalIUS. Table I lists the THI.and the VCM from copper and brass

collector disks. J

General conclusions from the weight changes are:

1) EPDM is the most volatile of the outgassingmaterlals,followed in des-cendingorder by Kevlar,multi-layerblanket, and carbon-carbon.

2) Heatingthe test m_terialsto 316% produced4-10times more VCM thanthe
-- standardtest (125_C)produced. "

3) At a temperatureof 205°C, changingexposuretime from 2 to 6 hours does : 1
}._.. not change the VCM, indicatingthat the majority of the material is
_. outgassedwithin the first two hours.

_. CONTAMINATIONMEAN THICKNESS _ _,.

-) t4eanthicknessesof the contaminationlayer were estimatedusing the VCM '

!_!_ data, estimatingthe depositarea and assuminga depositdensityof one gram

pc.'cubic centimeter. The mean thicknessesare listed in Table 2.

- SURFACEREFLECTANCE
_'' '.

_:'- The results of the reflectance measurements are listed in Table 3 as solar

,/:: absorptanceof the cleansurfacesand wlth the presenceof contamination,both
_. before and after UV irradiation.AluminizedMylar is by far the most suscep-
_ tlbleof the threespacecraftsurfacesto changesIn solar absorptance. OSR's i

+

are more susceptiblethan the solar cells. EPDM is the onlymaterialto cause !

332 !

. .. :_, _ '_ .... .L _ ..... ?'; ,_F ..... ,' _ -_C.Z..L_ _-- __.j._._ _ -- ._ :_ " _; ; .- -- _ _._.o_,.,

O0000004-TSE05



large t,creases in solar absorptanceafter UVexposure. The increase in solar
absorptancecausedby outgasstngof the ML;, Kevlar epoxyor carbon-carbonwas
partially reversed by^exposure to UV tn most cases. The outgasstng products
of Kevlar epoxy (205vC) are resistant to any UV-tnducedchanges in solar

_._:, absorptance.

SOLAR-CELLPOWERLOSS

To obtain the contamination-Induced solar-cell power loss, a curve of
voltage versus current was generated for each of six clean cells. Following
each contaminant deposition, three contaminatedcells were tested under the
solar simulator, Then, they were wiped with acetone and tested again, to
generate a "clean" solar-cell curve for the next run.

Table 4 lists the percentage changesin output powerof the solar cells at
"0.45V, (the typical operating point). For each cont_ntnatton run, two cells
were tested without..LIVexposure and one cell after 26 equivalent solar hours
of dV exposure. Solar cell power output losses at or near operating voltage
(.45 volts) varied from fractions of 1 percent to 23 percent.

PHOTOMICROSCOPICEXAMINATION

Examplesof the wtdely varied types o_ crystalline and droplet formations
on the contaminatedspacecraft surfaces are given for eachmatertal tn Figures i
1 through 12. All the photographswere taken at a magnification of 50X. The
verticle side of eachpicture is .4 millimeters actual size. The photographs
in Figure 1 through 6 showthe contaminant ftlms collected on OSR'sat one
outgasstng temperature before and after UV exposure for the EPOM,MLI, and
Kevlar epoxymaterials. Figures 7 through 10 are before-and after-UV photo-
graphs of the carbon-carbon deposits at two different exposure ttmes. The
carbon-carbonoutgass!ng deposit on a solar cell is depicted in Ftgures It and i _
12, to showthe effect of different substrates (compareFigures 9 and 10 with !_
11 and 12). It is evtdent that the deposit structure t_ dependenton the type _
of surface being deposited on. !

!
The effects of exposure to 26 equivalent sun-hours of UV radiation also t

varied wtdely. Except for EPDM,crystal structures were almost entirely
removed, leavtng behind only the liquid droplets, whosevolume was often i
reduced. In the case of the multi-layer blanket, UVexposure always removed
almost the entire deposit. EPDM_rystallttes seemedrelatively impervious to _

UV. i
CONCLUSIONS

T

i
Wecan sumartze the results of thts work as follows:

(a) Volattle condensible materials and total mass loss data have been t t
obtained at standard conditions and also at high temperature and short i_1
time periods on four IUS materials. _]

(b) Mean contaminant film thickness varied from 2000 Angstroms to 83,000 ]]'J

Angstrom. Microscopic observations showedcrystals between 5000 to tt

It
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Y 500,000Angstromswltn liquid droplets from 5000 to 50,000 Angstroms i,
height. In some cases, only part of the surface area is covered with 1
crystals and liquld. This illustratesthe wide variationwhich exists

; betweena contaminantfilm of uniform"mean" thicknessand the real sur- i
_ face deposits.

, (c) the optical solar reflectorswere groatly affected by the VCI_frum Lh_
r,. EPDM rubber. The solar absorptancechangedfrom O.O_ to 0.i4 wiU, = _e_n
__" 2500 Angstromlayer of contamination.When exposedto UV, it increasedto ;
;...:_ 0.18. With a mean 83,000Angstrom layer,the absorptancewent to .24 and ;
_: with solar radiation expoiure, it degraded to 0.46. 1900 Angstroms of

Kevlar epoxy VCM (from121vC, I hour exposure)on the OSR's had no effect
_;: on the absorptanc_ with or without solar radiation. Whenthe Kevlar Epoxy :

was heated to 205"C and a deposit of 3200 Angstroms of material was made
on an OSR, the absorptance changed from .07 to .13 with no effect from

.- solar irradiation. No effect of VCMfrom the multt-!ayer insulation or
from the carbon-carbon nozzle material was evident on the solar absorp-
tance of the OSR's.

(d) Solar cell power output losses at or near operating voltage (.45 volts)
varied from fractions of 1 percent to 23 percent. The solar' cell data
trends generally correlated wtth OSR reflectance changes, but there
seemed to be significant scatter in the data.
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.__'," Table I: /US Materials TML and VCM

.i _ MATERIAL

! ,_ TEMP TIME EPDM MULTI-LAYER KEVLAR CARBON-CARBON

_-_,:_; oC OF HR
_ _ TWL VCM TWL VCM TWL VCl_' TWL VCM
_,_ % % % % % % % %
_-_ •

, 126 266 24 3.66 0.88 .096 0.046 0.72 0.018 0.019 0.013
I1: 206 400 2 4.8E 1.60 .800 0.0E0 1.06 0.066 0.040 0.010

206 400 6 1.70 0.030 0.030 0

316 600 2 3.64 0.560 1.400
i

t
:i

Table 2: Mean Thickness of Collected Material i

i

EXPOSURE THICKNESS i
IUS TEMPERATURE ....
MATERIAL °C TIME o

HR A ._
/

EPDM 107 1 2600

I moo
J

MULTI-LAYER 136 1 3800 "J

iINSULATION 206 1 6400

• KEVLAREPOXY 121 1 1900 ,1
205 1 (m - 3200

CARBON_.ARBON 316 1 000 - 3800
316 2 3800

i
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iTable 3: Solar Aio_orptance Meaiurements

Optical Solar Reflector Solar Cell Aluminized Mylar
• _ IUS Tamp

Materiel °C
Clean No UV UV Clean No UV UV Clean No UV UV !

_ EP DM 107 .07 .14 .18 .86 .87 .86 .09 .17 .26
206 .07 .21 .46 .8G .90 .99 .09 .30 .36

• !

: " Multi. 136 .07 .08 .07 .80 .84 .87 .09 .16 .11 i
!' Layer 206 .07 .07 .06 .80 .88 .87 .09 .21 .17

Insulation

Kevlar 121 .07 .07 .07 .85 .88 .86 .09 .14 .12

206 .07 .13 .13 .86 .88 .88 .09 .26 .26 i

Carbon- 316 .07 .08 .07 .80 .88 .82 .08 .21 .24 "J
Carbon 316" .07 .07 .09 .80 .87 .84 .08 .19 .17

1

* Exposure time at constant temperature was 2 hours. All others were exposed for 1 hour.

Table 4: Solar Cell Power Output Change at 0.45V Percen_ge Change

IUS TEMP (°C) NO UV UV I
MATERIAL

EP DM 107 -2.1 -7,1 ""!
206 ,12.0 -22.4

MULTI-LAYER 136 .23.1 -10.4 _ t

INSULATION 205 -3.1 -4.6 1

K'_VLAR 121 -3.1 4).4

206 4.6 4.9

CARBON- 316(1) -2.3 -0.6

CARBON 316(2) 4.0 -6.8

• "No t.N" perclnllp changes Ire IlVelps of results from two solar ceils.

• Expmure times at constant temperature were 1 hour except for _ carbon-carbon
which _ for 2 hours.
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